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Abstract

Background and Objectives

Cerebrovascular disease (CBVD) is frequently comorbid with autopsy-confirmed Alzheimer
disease (AD), but its contribution to the clinical presentation of AD remains unclear. We
leveraged the National Alzheimer’s Coordinating Center (NACC) uniform and neuropa-
thology datasets to compare the cognitive and functional trajectories of AD+/CBVD+ and
AD+/CBVD- brain donors.

Methods

The sample included NACC brain donors with autopsy-confirmed AD (Braak stage >3,
Consortium to Establish a Registry for Alzheimer’s Disease score >2) and complete Uniform Data
Set (UDS) evaluations between 2005 and 2019, with the most recent UDS evaluation within 2
years of autopsy. CBVD was defined as moderate to severe arteriosclerosis or atherosclerosis.
We used propensity score weighting to isolate the effects of comorbid AD and CBVD. This
method improved the balance of covariates between the AD+/CBVD+ and AD+/CBVD-
groups. Longitudinal mixed-effects models were assessed with robust bayesian estimation. UDS
neuropsychological test and the Clinical Dementia Rating Scale Sum of Boxes (CDR-SB)
scores were primary outcomes.

Results

Of 2,423 brain donors, 1,476 were classified as AD+/CBVD+. Compared with AD+/CVBD—-
donors, the AD+/CBVD+ group had accelerated decline (i.e., group x time effects) on mea-
sures of processing speed (B = -0.93, 95% CI -1.35, —0.51, Bayes factor [BF] 130.75), working
memory (f = 0.0S, 95% CI 0.02, 0.07, BF 3.59), verbal fluency (p = 0.10, 95% CI 0.04, 0.15, BF
1.28), naming (B = 0.09, 95% CI 0.03, 0.16, BF = 0.69), and CDR-SB (B = ~0.08, 95% CI -0.12,
—0.0S, BF 18.11). Effects ranged from weak (BFs <3.0) to strong (BFs <150). We also found
worse performance in the AD+/CBVD+ group across time on naming (p = —1.04, 95% CI
-1.83,-0.25, BF 2.52) and verbal fluency (B = -0.73,95% CI -1.30, —0.15, BF 1.34) and more
impaired CDR-SB scores ([3 = 0.45, 95% CI 0.01, 0.89, BF 0.33).

Discussion
In brain donors with autopsy-confirmed AD, comorbid CBVD was associated with an accel-
erated functional and cognitive decline, particularly on neuropsychological tests of attention,
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Glossary

AD = Alzheimer disease; ADRC = Alzheimer’s Disease Research Center; BF = Bayes factor; BNT = Boston Naming Test;
CBVD = cerebrovascular disease; CDR-SB = Clinical Dementia Rating Scale Sum of Boxes; CI = credible interval; DSB = Digit
Span Backward; IPW = inverse probability weighting; MCI = mild cognitive impairment; NACC = National Alzheimer’s
Coordinating Center; NACCARTE = NACC arteriolosclerosis; NACCAVAS = NACC atherosclerosis of the circle of Willis;
NDS = Neuropathology Data Set; TMT = Trail Making Test; UDS = Uniform Data Set.

psychomotor speed, and working memory. CBVD magnified effects of AD neuropathology on semantic-related neuro-
psychological tasks. Findings support a prominent additive and more subtle synergistic effect for comorbid CBVD neuropa-

thology in AD.

Detection, diagnosis, and management of neurodegenerative
diseases can be challenging due to heterogeneous clinical and
neuropathologic presentations. The clinical presentation of
Alzheimer disease (AD) traditionally involves initial impair-
ments in episodic memory and expressive language with
subsequent declines in executive functioning and visuospatial
abilities.! There are gradual onset and progressive worsening
of cognitive symptoms.l’2 Approximately 25% (estimates
vary) of individuals with neuropathologically confirmed AD
do not have this traditional presentation.” Other clinical
syndromes in AD have been identified, characterized pri-
marily by initial and predominant impairments in language,
visuospatial skills, or executive functioning.*® The rates of
clinical progression can vary within and between subtypes.”
These atypical presentations may be related to differences in
the location and density of AD neuropathologic changes and
neurodegeneration.5 Alternatively, there is increasing focus
on the contribution of comorbid neuropalthologies.8’9

Cerebrovascular disease (CBVD) is among the most com-
mon comorbid neuropathologies with AD; up to 80% of
participants with autopsy-confirmed AD neuropathology
have CBVD.'® CBVD refers to disorders that affect large and
small vessels of the brain, including atherosclerosis, arte-
riolosclerosis, infarcts, microinfarcts, microhemorrhages,
and white matter rarefaction."’ In vivo MRI studies have
long shown that markers of CBVD (e.g, white matter
hyperintensities, infarcts, microbleeds) are associated with
subtle cognitive changes,'”'* especially frontal-mediated
functions (e.g., processing speed and executive functioning),
with accelerated cognitive decline.'>'® These findings have
been instrumental in our understanding of the independent
effects of CBVD on cognitive health. Yet, the effects of
comorbid CBVD on the clinical presentation of AD (e.g,,
rate of decline, phenotypic expression) are less well un-
derstood and often debated.'” "’

Clinical-pathologic studies are the gold standard for the
characterization of disease expression. The National Alz-
heimer’s Coordinating Center (NACC) Uniform Data Set
(UDS) and Neuropathology Data Set (NDS) are publicly
available datasets that were established to promote
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collaborative research into AD and AD-related dementias.
Two studies used the NACC UDS and NDS to examine the
combined effects of AD and CBVD on cognitive and
functional decline. The first study examined 2,046 brain
donors and showed that donors with both AD and CBVD
neuropathology had a slower rate of functional decline, as
assessed by the Clinical Dementia Rating Scale Sum of
Boxes (CDR-SB),*® compared to those who had AD neu-
ropathology only.”" The second study showed a slower rate
of decline for language measures in the AD+/CBVD+
donors, with trend-level effects for attentional measures.”?
In both, the authors focused on macroinfarcts and
microinfarcts.

The aforementioned studies have played a key role in our
understanding of the clinical consequences of comorbid AD
and CBVD. However, the slower rate of decline observed was
somewhat unexpected, suggesting greater nuance in this re-
lationship than previously believed. The second study defined
cognitive domains using averaged z scores for pairs of neu-
ropsychological tests instead of using a structural model or
individual tests.”® In addition, both studies noted that higher
levels of AD neuropathology tended to overwhelm any effect
of comorbid conditions, and the sample tended toward higher
AD neuropathology in those without CBVD. These studies
also assessed multiple comorbid conditions in the same
model. While the authors used propensity score weighting to
address confounds related to individuals who agreed to brain
donation, no studies have used propensity scores to isolate the
effects of mixed AD and CBVD from other forms of
neuropathology.

The current investigation leveraged the NACC UDS and
NDS to examine the clinical course and presentation of de-
ceased individuals with neuropathologically confirmed AD
and CBVD. Among 2,423 deceased individuals with AD
neuropathology who completed serial antemortem neuro-
psychological testing, we used bayesian mixed-effects mod-
eling to assess group differences in test performance and
functional status for brain donors with and without CBVD,
defined as cerebral large and small vessel disease, as well as
differences in rates of decline over time (i.e., progression of
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impairment). We chose arteriosclerosis and atherosclerosis as
metrics of CBVD because other measures were rated in-
consistently across NDS versions, because past work has ex-
amined macroinfarcts and microinfarcts in the NACC dataset,
and because arteriosclerosis and atherosclerosis represent
global indices of CBVD. We hypothesized that AD brain
donors with comorbid CBVD (i.e, CBVD+) would have
worse dementia severity and neuropsychological test perfor-
mance and a faster rate of decline on tests of processing speed
and executive functioning compared with donors who did not
have CBVD (i.e., CBVD-).

Methods

Participants and Design

The sample included brain donors with autopsy-confirmed
AD from the NACC UDS and NDS who completed UDS
visits between 2005 and 2019 and completed a UDS
evaluation within at least 2 years of autopsy (N = 2,423).
Since 2005, =30 Alzheimer’s Disease Research Centers
(ADRCs) have contributed to the NACC UDS, which is a
database of standardized cognitive, behavioral, and func-
tional participant evaluations (a full description is pro-
vided elsewhere****). A subset of NACC UDS participants
agree and consent to brain donation and neuropathologic
examination; these individuals form the NACC NDS.
Brain donors were also excluded who did not meet clas-
sification criteria for autopsy-confirmed AD (see below; n
= 1,992). Brain donors were also excluded who lacked
autopsy data on atherosclerosis and arteriolosclerosis
(NACCAVAS and NACCARTE; n = 293) or lacked data
on covariates (see propensity score weighting; n = 140).

Standard Protocol Approvals, Registrations,
and Patient Consents

The NACC database was approved by the University of
Washington Institutional Review Board. Informed consent
from brain donors was obtained at each individual ADC.

AD and CBVD Neuropathology

For the NACC NDS, neuropathologic data are recorded with a
standardized Neuropathology Form and Coding Guidebook.*
Following previous studies,””*®
having AD neuropathologic changes (i.e., AD+) who had evi-
dence of at least moderate neuropathology for both plaques
and tangles, i.e,, donors with Braak stage for neurofibrillary
degeneration (B score; NACCBRAA) >3 and density of neo-
cortical neuritic plaques (Consortium to Establish a Registry for
Alzheimer’s Disease C score; NACCNEUR) > 2. Of 4,445 eli-
gible brain donors, 2,423 met these criteria. We defined CBVD
neuropathology (i.e., CBVD+) as moderate to severe arterio-
sclerosis (i.e., concentric hyaline thickening of the media arte-
rioles; NACCARTE) or atherosclerosis (i.e., fibrofatty
atheromatous plaques in the large arteries of the circle of Willis;
NACCAVAS). On the basis of the above criteria, 2 groups were
created: AD+/CBVD+ and AD+/CBVD-. Consistent with
previous research in the NACC sample that served as the

we classified individuals as
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foundation for this study,*"** we dichotomized CBVD indices
into absence or presence. While this approach does not allow us
to examine the impact of disease severity (as reviewed in the
section discussing limitation), it was necessary to balance
confounds across groups and to accurately model relationships
of interest. We did not include an AD—/CBVD- group because
of the following: (1) the objective of this study was to in-
vestigate the isolated, additive effects of CBVD in AD; (2) we
were unable to conduct our propensity score analyses as
planned (see below); and (3) we did not regard the NACC
NDS as an optimal healthy control sample because of factors
related to selection. Of note, CBVD has been rated in-
consistently across the NDS versions, with the exception of
arteriolosclerosis and atherosclerosis. These variables were thus
used as a primary CBVD outcome variable to maximize data
availability and to minimize inconsistencies of assessment
across versions. Information on other forms of CBVD in the
sample, including macroinfarcts and microinfarcts, can be

found in eTable 1 (links.Iww.com/WNL/B976).

Neuropsychological Testing and

Dementia Severity

Brain donors were administered the UDS neuropsychological
battery as part of their annual visit at each ADRC.*”*° There are
3 versions of the UDS, with the most recent version (UDS
version 3.0) being released in March 2015.* For UDS version
3.0, a new neuropsychological test battery was adopted, and a
subset of instruments were replaced with similar but non-
proprietary tests. Harmonization between versions was ach-
ieved with results from the Crosswalk study.”® The specific tests
examined included the Mini-Mental State Examination, Short
Form of the Boston Naming Test (BNT), Animal Fluency and
Vegetable Fluency, Trail Making Test (TMT) Parts A and B,
Wechsler Adult Intelligence Scale-IV Digit Span Forward and
Digit Span Backward (DSB), and Logical Memory Immediate
and Delayed Recall. These assessed the following neuro-
psychological functions: global cognitive status, confrontation
naming, semantic fluency, processing speed, set shifting, audi-
tory attention, working memory, and learning and episodic
memory, respectively. Raw scores were used, and lower scores
reflect worse performance for all tests except for TMT-A and
TMT-B, for which lower scores reflect better performance.

Dementia severity was assessed with the CDR-SB Dementia
Staging Instrument.’”*' The CDR stages dementia severity
on the basis of informant report of orientation, memory,
judgment/problem solving, home and hobbies, community
affairs, and personal care. Higher scores indicate increased
severity of dementia.

Propensity Score Weighting

Propensity scores reduce bias on causal estimates in the ab-
sence of randomized experiments.’> These methods adjust for
confounding as an alternative to traditional covariate adjust-
ment, with several theoretical and practical advantages (e.g.,
flexibility of estimation and assessment of balance). In this
study, we wanted to isolate the impact of CBVD on the
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Table 1 Demographic and Neuropathologic Covariates of
Brain Donors With AD by Cerebrovascular Group

CBVD—- CBVD+
(n =947) (n =1,476) SMD

Age, y 75.58(11.83)  80.61(9.79)  0.463
Sex (female), n (%) 400 (42.2) 705 (47.8) 0.111
Race, n (%) 0.097

White 882 (93.8) 1,347 (91.8)

Black or African American 36(3.8) 73 (5.0)

Native Hawaiian or 1(0.1) 0(0.0)

Pacific Islander

Asian 8(0.9) 15 (1.0)

Multiracial 13 (1.4) 32 (2.2)
Primary language, 0.066
n (%)

English 908 (96.0) 1,425 (96.5)

Spanish 25 (2.6) 30 (2.0)

Mandarin 0(0.0) 1(0.1)

Japanese 0(0.0) 1(0.1)

Other 13 (1.4) 19(1.3)
Education, y 15.41 (3.23) 15.36 (3.25) 0.015
Handedness, n (%) 0.13

Left 85(9.1) 83(5.7)

Right 830 (89.0) 1,337 (92.2)

Mixed 18(1.9) 30(2.1)
In-person visits, n 3.15(2.25) 3.52 (2.47) 0.157
Time from final in-person visit 1.69 (1.69) 1.90 (2.00) 0.112
to death, y
Lewy body pathology, 0.082
n (%)

None 564 (60.2) 904 (61.4)

Brainstem predominant 27 (2.9) 42 (2.9)

Transitional 143 (15.3) 243 (16.5)

Diffuse 159 (17.0) 208 (14.1)

Present/unspecified 44.(4.7) 75 (5.1)
Pick disease, n (%) 0(0.0) 4(0.3) 0.074
Corticobasal degeneration, 5(0.5) 5(0.3) 0.03
n (%)
Progressive supranuclear 11(1.2) 18(1.2) 0.004
palsy, n (%)
Braak stage for 0.082
neurofibrillary degeneration,
n (%)

Sage lll 87(9.2) 106 (7.2)

Stage IV 131 (13.8) 199 (13.5)
Neurology.org/N

Table 1 Demographic and Neuropathologic Covariates of
Brain Donors With AD by Cerebrovascular Group

(continued)
CBVD-— CBVD+
(n =947) (n = 1,476) SMD
Stage V 251 (26.5) 423 (28.7)
Stage VI 478 (50.5) 748 (50.7)
Density of neocortical neuritic 0.04
plaques, n (%)
Moderate 281 (29.7) 411 (27.8)
Frequent 666 (70.3) 1,065 (72.2)

Abbreviations: AD = Alzheimer disease; CBVD = cerebrovascular group;
SMD = standardized mean difference.

Values reflect mean or number with SD or percentage in parentheses.
Sample includes brain donors with confirmed AD neuropathology (i.e.,
Braak stage =3 and density of neocortical neuritic plaques 22).

cognitive trajectories of individuals with AD neuropathologic
changes by balancing the severity of AD pathology between the
CBVD+ and CBVD- groups, as well as other comorbid neu-
ropathology and relevant demographic and visit variables
(Table 1). We regarded AD neuropathology as a confound be-
cause it was unbalanced between groups; we wanted to assess the
specific additive effect of CBVD in donors with AD. Similarly, we
considered other neuropathologies to be confounds for our
particular research question, even though they are causal factors
or moderators for overall cognitive health. The propensity score
model used a logit function with age, biological sex, racial
identity, primary language, education, handedness, number of in-
person visits, years from final in-person visit to death, Lewy body
disease, Pick disease, corticobasal degeneration, progressive
supranuclear palsy, and AD pathology variables included as
predictors (ie, NACCBRAA, NACCNEUR). Covariates of
neuropathology were selected to optimize data availability and to
encompass major classes of neuropathology. Variables related to
CBVD were not selected for the propensity score because this
was our primary comparison of interest. Several included cova-
riates were unbalanced in the sample as assessed by standardized
mean difference (Table 1). Inverse probability weighting (IPW)
was used, as well as caliper matching.*® Both methods provided
adequate balance for these variables in the final sample across the
AD+/CBVD+ and AD+/CBVD- groups (Figure 1). However,
IPW was favored to maintain consistency with past studies”"**
and to include all donors in the sample. Examination of the
region of common support revealed sufficient overlap in the
propensity score distributions between the 2 groups.** Of note,
weighting based on autopsy selection was not used because both
previous studies involving this sample reported negligible effects
from this procedure.*"**

Statistical Analyses

Through IPW, we assessed 2 groups (i.e,, AD+/CBVD- and
AD+/CBVD+) who were matched on AD neuropathologic
severity, comorbid neuropathology, and demographic and
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Figure 1 Balance of Demographic and Neuropathologic Covariates Among Cerebrovascular Groups Before and After

Propensity Score Analysis
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EDUC = years of education; HANDED = hand-
edness; NACCAGE = age at final in-person visit;
NACCBRAA = Braak stage for neurofibrillary
degeneration; NACCCBD = corticobasal de-
generation; NACCLEWY = Lewy body pathol-
ogy; NACCNEUR = density of neocortical
neuritic plaques; NACCNIHR = race; NACCNVST =
number of in-person visits; NACCPICK = Pick
disease; NACCPROG = progressive supranuclear

SMD

T palsy; PRIMLANG = primary language; SEX = bi-

0.4 ological sex; SMD = standardized mean differ-
ence; YearstoDeath = years from final in-person
visit to death.

other relevant characteristics. We used robust bayesian esti-
mation of linear mixed-effects models to assess differences in
neuropsychological test performance and CDR-SB score for
CBVD+ and CBVD- brain donors with AD. Outcome vari-
ables included neuropsychological test raw scores and CDR-SB
score. Predictors included neuropathology group, time
(i, years to death at each visit), and a group X time in-
teraction. Models also included a random intercept for partic-
ipant and ADRC. Full information on our statistical analysis
plan can be found in the eMethods (links.lww.com/WNL/
B976). Effects were estimated with a 95% credible interval
(CI*®) and interpreted with Bayes factors (BFs). The following
reference ranges were used for BFs: <1 indicates evidence
against an effect, between 1 and 3 indicates weak evidence for
an effect, between 3 and 20 indicates positive evidence for an
effect, between 20 and 150 indicates strong evidence for an
effect, and >150 indicates very strong evidence for an effect.
Null findings were interpreted when BFs and Cls were in
agreement.>® Unlike frequentist models, bayesian inference
rests on cumulative evidence for or against a hypothesis, rather
than a preset decision rule. Bayesian ClIs reflect estimation of
population values for model effects rather than a means for
rejecting a null hypothesis. Thus, bayesian inference does not
require traditional corrections for multiple comparisons (see
eMethods). We chose to maintain dense and conservative es-
timation of the data to reduce the probability of false-positive

Neurology | Volume 98, Number 24 | June 14, 2022

findings. Our methodology also contains an inherent compo-
nent of regularization (i.e., a tendency toward underestimated
effects), avoidance of random overfitting, and resistance to
outliers. Bayesian methodologies have historically been less
likely to produce type I errors. Given our bayesian approach
and optimal partial pooling of all available information, we did
not exclude brain donors on the basis of the number of follow-
up visits (i.e.,, we included donors with any follow-up visits in
estimation of longitudinal effects). Analyses were conducted
with R (version 4.1.0, R Core Team, Vienna, Austria) in the
brms library.*”

Data Availability
All anonymized data from this article are publicly accessible
and available through the NACC datasets.

Results

Participant Characteristics

This study included 2,423 brain donors. Of these, 2,229 iden-
tified as non-Hispanic White (92.0%), and 1,105 identified as
female (45.6%). Table 1 includes full demographic and de-
scriptive information on the sample. Average age at death was
80.7 (SD 11.7) years, and the mean interval between death and
last UDS evaluation was 9.0 (SD 7.9) months. The mean
follow-up time from each visit to the initial visit was 3.0
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Table 2 Baseline Performance on Outcome Variables of
Brain Donors With AD by Cerebrovascular Group

CBVD— (n=947) CBVD+(n=1,476) SMD
CDR-SB score 6.99 (5.86) 6.83(5.91) 0.026
MMSE score 20.48 (7.90) 20.18(8.25) 0.037
BNT score 21.07 (7.37) 20.63(7.97) 0.058
LM-IA score 5.43 (4.77) 5.65 (4.95) 0.045
LM-11A score 3.73(4.67) 3.86 (4.90) 0.026
Animal Fluency score 11.77 (6.28) 11.64 (6.65) 0.021
Vegetable Fluency score 7.29 (4.58) 7.59 (4.84) 0.063
DSF score 6.87 (2.66) 7.00 (2.62) 0.052
DSB score 4.48 (2.34) 4.71 (2.40) 0.099
TMT-A score 71.56 (42.91) 68.45 (40.74) 0.074
TMT-B score 194.89 (90.05) 187.20 (90.08) 0.085

Abbreviations: AD = Alzheimer disease; BNT = Boston Naming Test; CBVD =
cerebrovascular group; CDR = Clinical Dementia Rating Scale; DSB = Digit Span
Backward; DSF = Digit Span Forward; LM-IA and IIA = Logical Memory Imme-
diate and Delayed Recall; MMSE = Mini-Mental State Examination; SMD =
standardized mean difference; TMT-A and B: Trail Making Test Parts A and B.
Values reflect unadjusted mean of raw scores with SD in parentheses. Re-
sults from the Crosswalk study were used to harmonize tests between
Uniform Data Set versions (see Reference 30).

(SD 2.7) years, and the mean follow-up time between the initial
visit and final visit was 6.1 (SD 2.9) years. Brain donors were
evaluated approximately once a year with an average of 396.2
(SD 25.1) days between visits. In the sample, 1,476 donors
were classified as AD+/CBVD+ (60.9%). After matching, there
were no group differences on any of the propensity score
covariates. Baseline performance on outcome variables for each
participant’s initial visit is summarized in Table 2. There were
no group differences in baseline neuropsychological test per-
formance (standardized mean differences <0.10). Performance
at the brain donor’s final visit can be found in eTable 2 (links.
Iww.com/WNL/B976). Group differences in
psychological test performance at the final visit were most
pronounced for donors >80 years of age (eTable). At baseline,
269 donors received a clinical diagnosis of normal cognition
(11.1%), 34 donors were cognitively impaired but did not meet
criteria for mild cognitive impairment (MCI) (1.4%), 337
donors were diagnosed with amnestic or nonamnestic MCI
(13.9%), and 1,783 donors were diagnosed with dementia
(73.6%). At their final visit, 90 donors received a clinical di-
agnosis of normal cognition (3.7%), 18 donors were cognitively
impaired but did not meet criteria for MCI (0.7%), 136 donors
were diagnosed with amnestic or nonamnestic MCI (5.6%),
and 2,179 donors were diagnosed with dementia (89.9%).
Clinical diagnoses grouped by AD+/CBVD+ and AD+/
CBVD- brain donors can be found in eTable 4.

neuro-

Group Differences Across Time
Neuropsychological test performance and CDR-SB score
declined over time in all models (BFs >1,000; eTable S gives
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full model results, links.lww.com/WNL/B976). For de-
mentia severity, CDR-SB scores were worse across time in
the AD+/CBVD+ compared with the AD+/CBVD- group
but with a small effect (Byean = 0.45, 95% CI 0.01, 0.89, BF
0.33). There were few differences in neuropsychological test
performance between the AD+/CBVD+ and AD+/CBVD-
groups in the models. The CBVD+ group performed worse
across time on the BNT (Bpgean = —1.04, 95% CI -1.81,
-0.25, BF 2.52) and animal fluency (Byean = —0.73, 95% CI
-1.30, —0.1S, BF 1.34), with weak effects. In contrast, there
was evidence against group differences on other neuro-
psychological tests (BFs <1).

Trajectory of Decline Across Time: Group x Time
Results

Brain donors showed accelerated functional decline and de-
mentia progression (CDR-SB score) over time (i.e., years to
death at each visit) (Byean = —0.92, 95% CI —0.95, —0.89,
BF >1,000). As years to death decreased (i.e., brain donor
closer to death), CDR-SB score increased. There was also a
positive effect for the group x time interaction, suggesting a
faster rate of dementia progression in the AD+/CBVD+ group
compared with the AD+/CBVD- group (Bpjean = —0.08, 95%
CI -0.12, —0.05, BF 18.11).

Performance on DSB also declined over time for all brain
donors, with a very strong effect (Bygean = 0.27, 95% CI 0.25,
0.28, BF >1,000), particularly for the AD+/CBVD+ group
(i.e, there was a positive effect for the group x time in-
teraction) (Butean = 0.05, 95% CI 0.02, 0.07, BF 3.59). Like-
wise, TMT-A performance declined over time for all brain
donors (Byean = —5.59, 95% CI -5.91, —5.28, BF >1,000),
particularly for the AD+/CBVD+ group, with a strong effect
for the group x time interaction (Ppean = —0.93, 95%
CI -1.35, -0.51, BF 130.75). Performance on animal fluency
declined over time (Byean = 1.00, 95% CI 0.96, 1.0S,
BF >1,000), particularly for the AD+/CBVD+ group, with a
strong effect for the group x time interaction (Byfean = 0.10,
95% CI 0.04, 0.15, BF 1.28). Representations of individual
cognitive trajectories for BNT, Animal Fluency, DSB, and
TMT-A scores are shown in Figures 2 and 3.

For the remaining measures, an interaction was present, but
the evidence did not reach the threshold to be interpretable.
Performance on the Mini-Mental State Examination declined
over time for all brain donors (Byfean = 1.24, 95% CI 1.20,
1.28, BF >1,000), particularly for the AD+/CBVD+ group,
but without even a weak group x time interaction effect
(BMean = 0.07, 95% CI 0.01, 0.13, BF 0.06). Likewise, BNT
performance declined over time for all brain donors (Byean =
1.00,95% CI10.96, 1.0S, BF >1,000), particularly for the AD+/
CBVD+ group, but without even a weak group X time in-
teraction effect (Bpgean = 0.09, 95% CI 0.03, 0.16, BF 0.69).
Last, performance on vegetable fluency declined over time
(BMean = 0.75,95% CI 0.72, 0.78, BF >1,000), particularly for
the AD+/CBVD+ group, but without even a weak group x time
interaction effect (BMean = 0.06, 95% CI 0.02, 0.10, BF 0.25).
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Figure 2 Individual Cognitive Trajectories on the BNT and Animal Fluency
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Highlighted lines reflect test performances over time for the upper 20% of brain donors weighted on the propensity score for the CBVD- and CBVD+ groups.
Denser and more directly downward trajectory of the CBVD+ group indicates a faster rate of decline. ANIMALS = Animal Fluency; BNT = Boston Naming Test;

CBVD = cerebrovascular group.

There was evidence against group X time interactions on other
neuropsychological tests.

Discussion

CBVD is frequently comorbid with AD and contributes to the
clinical and neuropathologic pathogenesis of AD.**** Many
previous investigations into the contribution of CBVD to the
clinical presentation of AD have been cross-sectional or without

autopsy confirmation of disease, limiting inference on clinical
trajectory. In this study of 2,423 brain donors with neuro-
pathologically confirmed AD from the NACC NDS sample, we
compared the clinical and cognitive trajectories of AD+/CBVD+
and AD+/CBVD- donors. We used propensity score weighting
to balance numerous covariates between these groups, including
age, biological sex, race, primary language, education, handed-
ness, number of visits, years from final in-person visit to death,
and presence and severity of neuropathology. This method,

Figure 3 Individual Cognitive Trajectories on DSB and TMT-A

CBVD- CBVD* CBVD- CBVD*
12.5- 12.5 -
10.04 10.0 0. 404
7.5 754
< 80/ 801
2 -
O 50 5.0 =
260 25 ] 1204 1204
0.0— T T T O‘O L T T T T T T T T T
10 5 10 5 0 10 5 0 10 5 0

Years to death

Years to death

Years to death

Years to death

Highlighted lines reflect test performances over time for the upper 20% of brain donors weighted on the propensity score for the CBVD- and CBVD+ groups.
Denser and more directly downward trajectory of the CBVD+ group indicates a faster rate of decline. CBVD = cerebrovascular group; DSB = Digit Span
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along with our use of robust bayesian linear mixed-effects
modeling, allowed us to improve on limitations in the existing
literature. We found that the presence of CBVD was associated
with an accelerated functional and cognitive decline in donors
with AD, particularly on neuropsychological tests of attention,
psychomotor speed, and working memory. CBVD also magni-
fied the effects of AD neuropathology on semantic-related
neuropsychological tasks; however, our strongest findings sug-
gested a faster rate of decline on tests of frontal-executive systems
in the AD+/CBVD+ group. This supports a prominent additive
effect and a more subtle synergistic effect for comorbid CBVD
neuropathology in AD.

Previous studies using the NACC NDS sample found un-
expected antagonistic,m’22 rather than additive, effects of CBVD
neuropathology on cognitive decline and dementia severity as
shown by this study. In both studies, the authors assessed similar
mixed-effects models but with AD neuropathology, severity of
Lewy body disease, and vascular brain injury (operationalized as
presence of gross infarcts or cortical microinfarcts) included in
the primary models. This methodology has advantages (e.g, the
inclusion of brain donors without AD and examination of mul-
tiple comorbid pathologies). However, neither study isolated the
effects of AD and CBVD through balancing covariates between
groups. In addition, secondary analyses suggested that higher
levels of AD neuropathology in brain donors without vascular
brain injury may have accounted for some of the effects. The
authors also noted the need for further investigation of specific
vessel disorders such as arteriosclerosis and atherosclerosis as
opposed to focus on infarcts and microinfarcts.”!

The differences between our findings and past research with
the NACC NDS are likely due to these methodologic factors
(ie., the use of propensity score weighting to isolate AD+/
CBVD+ effects in this study). That is, understanding the as-
sociation between AD and CBVD depends on the nuances of
measuring confounds. When accounting for covariates (in-
cluding the severity of AD neuropathology) and using arte-
riolosclerosis and atherosclerosis to define CBVD, we found
that CBVD was associated with a faster rate of functional and
cognitive decline on several neuropsychological measures in
AD. Domain-specific effects were most prominent for tests of
attention, processing speed, and working memory in brain
donors with AD and CBVD. Unexpected findings were that
there was no effect for TMT-B and there are no other measures
of executive function as part of the UDS. Extant literature links
in vivo markers of CBVD and cardiovascular risk factors with
cognitive decline in frontal-executive functions and progression
of AD pathology.'*'**® However, neuroimaging studies also
posit that AD and CBVD are independent predictors of cog-
nitive decline.*"** The trajectories of cognitive decline in AD
can be heterogeneous, including a subset who have a prom-
inent dysexecutive variant.**** The presence of comorbid
CBVD neuropathology might contribute to this presentation.

Although there was evidence for a faster rate of decline in AD+/
CBVD+ donors, there were minimal group differences across

Neurology.org/N

neuropsychological measures of attention, information pro-
cessing speed, working memory, and executive function. In this,
our unique sample of brain donors with neuropathologically
confirmed AD appears to diverge from previous research on
healthy samples.'>'** There were, however, overall group
differences on tests related to semantic brain networks (con-
frontation naming and semantic fluency), with worse perfor-
mance in the AD+/CBVD+ group over time and faster decline
in semantic fluency.*® This could result from CBVD acceler-
ating AD pathology and worsening its impact on AD-related
cognitive networks (i.e., a synergistic effect such that the impact
of comorbidity is greater than the sum of the parts*). It is also
possible that these performance differences reflect dysexecutive
retrieval difficulties. One cross-sectional study found that the
severity of white matter hyperintensities fully mediated per-
formance on semantic tasks.*’ The authors concluded that
these findings reflect a role for axonal integrity in lexical-
semantic retrieval. We did not find group differences on tests of
episodic memory. However, the NACC UDS is limited in the
assessment of episodic memory, which is typically affected first
in AD and CBVD, and does not include list learning word tasks.
On the basis of unadjusted performance, we also found some
indication that the effects of AD and CBVD may be more
pronounced in older brain donors (>80 years of age).

The nature of the relationship between AD and CBVD re-
mains uncertain. CBVD might have a mechanistic role in AD
pathophysiology,'”** an additive role, and/or a synergistic
role.'®'?*! The directionality of the effects cannot be con-
cluded from the findings from this postmortem study. Pro-
spective studies with serial in vivo assessments of amyloid, tau,
and CBVD will be instrumental for addressing causal path-
ways to dementia. It is important to note that we used pro-
pensity scores to balance confounding effects and to assess
whether the presence of CBVD alters the cognitive pre-
sentation and trajectory of brain donors with AD, rather than
making inferences regarding causality. CBVD is associated
with aging, and together (i.e, aging + CBVD), they might
precipitate neurodegenerative disease processes. CBVD from
cardiovascular disease or other risk factors might also act as a
parallel path to already present neurodegenerative processes
and exert independent effects on cognition. Last, CBVD could
be a downstream consequence of neurodegenerative disease.
Amyloidosis and tau aggregation, as central pathologies of
AD, may precipitate both neurodegeneration and CBVD.

The findings from our study provide weak support for a
synergistic relationship between CBVD and AD. That is, we
found weak support for an impact of CBVD on naming and
fluency performance. Given the classic presentation of these 2
syndromes, we would not expect this change with increased
CBVD pathology but rather by increasing the impact of AD
on cognition (although an executive component cannot be
discounted*”*?). However, there was stronger support for an
effect of CBVD on dementia severity, processing speed, and
working memory, which is congruent with the additive effect
that we would expect, given the classic presentation of CBVD.
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Either of these effects could help explain the heterogeneous
and complex presentation of mixed pathology in individuals
with AD, which may become more pronounced with age.

There are several limitations to our findings. Neuropathol-
ogy was confirmed postmortem, and cognitive performance
does not necessarily reflect the burden of pathology at the
time of each visit. While we accounted for the interaction
between CBVD and amyloid and tau indirectly via AD pa-
thology postmortem, we did not specifically examine amy-
loid and tau severity ratings and their contribution to
cognitive and functional decline. Along these lines, we di-
chotomized CBVD indices such that we could easily balance
confounding effects. However, it is unclear whether cogni-
tive trajectories depend on severity of pathology or only its
presence. Future studies should consider alternate meth-
odologic approaches that are able to examine severity (e.g.,
multinomial propensity scores). We used arteriosclerosis
and atherosclerosis to operationalize CBVD+ because these
variables have been consistently assessed and recorded
across NACC NDS versions. While they serve as global in-
dicators of CBVD, they might not encompass all forms of
CBVD and are not granular assessments of vessel pathology.
There was greater incidence of multiple CBVD neuropa-
thologies in our AD+/CBVD+ group, providing support for
our decision (eTable 1, links.Iww.com/WNL/B976). We
considered stratifying the analyses by diagnostic group in
secondary models (ie., normal cognition, MCI, and de-
mentia). However, this would have increased our number of
comparisons 3-fold. Because cognitive performance declined
over time (our most reliable finding), we assessed a similar
question in these models. The additive effect of CBVD is
prominent as brain donors age toward death and cognitive
performance declines (i.e., those same donors more likely to
be diagnosed with MCI or dementia). It is also possible that
individuals with a slower course of AD had more time to
develop severe forms of CBVD (e.g, stroke) or other
comorbid conditions associated with aging (as evidenced by
the older mean age of the AD+/CBVD+ group). Alterna-
tively, it is possible that those who had a more rapid course
had more severe CBVD and died younger compared with
those who were more resilient and had the slower course
(i.e., survival bias). We attempted to address these issues
with the propensity scores that balanced both age and AD
severity in statistical models. These findings have limited
generalizability, including this being an autopsy sample of
research participants with limited ethnic and racial diversity
who agreed to brain donation. Last, and as alluded to pre-
viously, the UDS neuropsychological battery is limited in
scope in the assessment of both episodic memory and ex-
ecutive function.

In this study, we examined 2,423 deceased individuals with
neuropathologically confirmed AD from the NACC UDS and
NDS sample. We used bayesian mixed-effects modeling and
propensity score weighting to assess group differences and rates
of decline for test performance and functional status in brain

Neurology | Volume 98, Number 24 | June 14, 2022

donors with and without CBVD. Brain donors with AD and
CBVD dedlined faster over time on several measures, most
prominently on measures related to the classic presentation of
CBVD (ie., processing speed and working memory).
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