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Abstract

Cerebrovascular lesions are prevalent in late life and frequently co-occur but the relationship to cognitive im-
pairment is complicated by the lack of consensus around which lesions represent hallmark pathologies for vas-
cular impairment, particularly in the presence of Alzheimer’s disease (AD). We developed an easily applicable
model of cerebrovascular disease (CVD), defined as the presence of two or more lesions: moderate to severe
cerebral amyloid angiopathy, moderate to severe arteriolosclerosis, infarcts (large, lacunar, or micro), and/or
hemorrhages. AD was defined as intermediate or high AD neuropathologic change. The contribution of vascular
risk factors such as atherosclerosis and/or a health history of heart disease, hyperlipidemia, stroke events, dia-
betes, or hypertension was also assessed. Logistic regression analysis reported the association of CVD with in-
creasing age, vascular risk factors, AD, and cognitive impairment in this study of 1,485 autopsied individuals.
Cerebrovascular lesions were present in 48% and 16% had CVD. Increasing age associated with all lesions
(p<0.001), except hemorrhages (p=0.41). CVD was more likely in individuals with vascular risk factors or AD
(p<0.01). CVD, but not individual cerebrovascular lesions, associated with impairment in cases without AD
(p<0.01), but not in cases with AD (p>0.61). From this, we conclude that a simple, additive model of CVD is 1) age
and AD-associated, 2) is associated with vascular risk factors, and 3) clinically correlates with cognitive decline
independent of AD.
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Introduction

Alzheimer’s disease (AD) and cerebrovascular
disease (CVD) are the two most common causes of
late-life dementia (1). AD is best described as the
widespread distribution of B-amyloid deposits, tau-
positive neurofibrillary tangles, and cortical neuritic
plaques as primary pathologies along with the cere-
bral amyloid angiopathy (CAA), Lewy bodies, and
TDP-43 inclusions also prevalent as secondary pa-
thologies (2,3). CVD is also considered the accumu-
lation of multiple pathologies including infarcts
(large, lacunar, and micro), arteriolosclerosis, peri-
vascular space dilation, perivascular hemosiderin
leakage, myelin loss, CAA (leptomeningeal, paren-
chymal and capillary), hemorrhages (micro and
larger), fibrinoid necrosis, and microaneurysms (4).
Unfortunately, while consensus criteria exists to de-
termine the level of AD neuropathologic change by
the examination of three hallmark pathologies, it is
not clear which cerebrovascular lesions relate to im-
pairment and which accumulate due to conditions
such as cardiac atherosclerosis, monogenic stroke
disorders, embolic disease, vasculopathies, haema-
tological disorders, or metabolic disorders or simply
‘brain ageing’ (4-7).

To address this, the VCING study reported
seven pathologies that reproducibly correlate with
cognitive impairment to varying degrees in a study
of 113 individuals (55 to 100 years) including lep-
tomeningeal CAA, large infarcts, lacunar infarcts, mi-
croinfarcts, arteriolosclerosis, perivascular space di-
lation and myelin loss (8). A simplified model was
proposed highlighting just three cerebrovascular le-
sions: large infarcts, moderate/severe occipital lep-
tomeningeal CAA, and moderate/severe arteriolo-
sclerosis in the occipital white matter.

Inspired by this attempt at consensus, we
screened for three lesions in the occipital cortex —
moderate to severe leptomeningeal CAA, moderate
to severe white matter arteriolosclerosis, and mi-
croinfarcts — in a cohort of 1,485 individuals (31 to
103 years old). We then compiled available autopsy
data for the presence of moderate to severe CAA in
other cortical areas, global infarcts (large, lacunar
and micro), and large hemorrhages. We describe an
additive model of CVD, defined as a presence of mul-
tiple cerebrovascular lesions. The goal of this study
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is to test the hypothesis that our easily replicable,
histological definition of CVD associates with in-
creasing age, with cognitive impairment and/or de-
mentia, and with vascular risk factors such as ather-
osclerosis and/or a health history of heart disease,
hyperlipidemia, stroke events, diabetes, or hyper-
tension.

Materials and Methods
Cohort

The cohort consisted of individuals with known
ages at death of 230 years, and available cerebro-
vascular and AD pathology measures who partici-
pated in the autopsy program at the Center for Neu-
rodegenerative Disease Research (CNDR) at the Uni-
versity of Pennsylvania. Of 1,785 individuals age 230
at time of death, AD pathology measures were
known for 1,659. As of December 2020, cerebrovas-
cular measures were assessed in 1,512 of these indi-
viduals. 7 were excluded for having rare clinical di-
agnoses and 20 were excluded for rare neuropatho-
logical diagnoses, resulting in a cohort of 1,485 indi-
viduals. Clinical diagnoses included no impairment
(N1) for individuals without a neurodegenerative dis-
ease, AD (Probable and Possible), amyotrophic lat-
eral sclerosis (Suspected, Possible, Probable, and
Definite), corticobasal syndrome, cognitive impair-
ment (including amnestic and non-amnestic mild
cognitive impairment), frontotemporal degenera-
tion (including behavioral variant, primary progres-
sive aphasias, and not otherwise specified), multiple
system atrophy, Parkinson’s disease (with and with-
out cognitive impairment), Parkinson’s disease de-
mentia or dementia with Lewy bodies, progressive
supranuclear palsy, schizophrenia, and vascular de-
mentia. The frequency of each is listed in Table 1.
Neuropathologically, the cohort includes neuro-
pathologic AD (intermediate or high level of AD neu-
ropathologic change), low AD (low level of AD neu-
ropathologic change), not AD (including primary age
related tauopathy and unremarkable cases), amyo-
trophic lateral sclerosis, corticobasal degeneration,
frontotemporal lobar degeneration, Lewy body dis-
ease, Pick disease, and progressive supranuclear
palsy, with the frequency of each is listed in Table 2.
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Table 1. Frequency of cases by primary clinical diagnosis
Ageat Late Ageat Cognitive
Clinical Diagnosis n % Female onset on- death Impairment npAD? FVD CV.D
mean (y) set mean(y) ordementia (single) - (multiple)

All 1485 100% 44% 64.9 51% 74.5 66% 48% 32% 16%
Not impaired 129 9% 51% - - 73.5 0% 16% 27% 14%
Cognitive impairment? 30 2% 47% 76.5 79% 82.6 100% 80% 37% 27%
AD3 430 29% 54% 68.7 68% 78.2 100% 94% 41% 24%
Vascular dementia 25 2% 48% 75.3 96% 83.4 100% 64% 28% 44%
ALS* 149 10% 39% 59.0 27% 64.0 21% 11% 21% 1%
Frontotemporal disease® 178 12% 45% 61.4 35% 70.5 100% 40% 29% 10%
MSA 42 3% 36% 57.1 18% 66.2 5% 12% 26% 7%
PDS 136 9% 26% 63.6 47% 77.0 35% 18% 32% 13%
PDD/DLB’ 185 12% 24% 63.7 44% 76.8 100% 44% 34% 15%
CBS 72 5% 56% 64.7 47% 71.6 26% 46% 35% 21%
PSP 79 5% 38% 66.5 57% 72.7 6% 13% 29% 9%
Schizophrenia 30 2% 73% - - 83.1 100% 3% 20% 20%
Logistic regression association with CVD

Predictor OR 95% ClI p-value

Age at Death 1.20 (1.14,1.27) <0.001

Cognitive impairment? 1.77 (0.76, 4.12) 0.18

AD3 2.24 (1.50, 3.36) <0.001

Vascular dementia 2.54 (0.98, 6.56) 0.06

ALS? 0.54 (0.32,0.92) 0.02

Frontotemporal disease> 1.00 (0.63, 1.59) 0.99

MSA 0.90 (0.43, 1.89) 0.78

PDS 0.96 (0.59, 1.58) 0.88

PDD/DLB’ 1.19 (0.75, 1.86) 0.48

CBS 1.90 (1.05, 3.41) 0.03

PSP 0.88 (0.49, 1.56) 0.65

Schizophrenia 0.65 (0.29, 1.48) 0.31

1 defined as intermediate or high AD neuropathologic change
2includes mild cognitive impairment (MCI), amnestic MCl, and cognitively impaired (not MCl)

3includes Probable and Possible AD

4includes suspected, possible, probable, and definite ALS

5includes FTLD-bvFTD, FTLD-PPA (sementia dementia), FTLD-PPA (PNFA), FTLD-PPA (logopenic), and FTLD-FTD (NOS)

6includes PD with MCl

7 includes PD with dementia, DLB, and DLB with PD
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Table 2. Frequency of cases by primary neuropathological diagnosis
DOy rense et e i e OO O
iagnosis mean(y) onset mean(y) or dementia (single) (multiple)
All 1485 100% 44% 64.9 51% 74.5 66% 48% 32% 16%
not AD? 53 4% 42% 69.6 26% 71.5 16% 0% 25% 15%
low AD 122 8% 51% 74.5 56% 76.8 25% 0% 23% 20%
AD? 569 38% 55% 67.8 64% 77.6 94% 100% 43% 24%
ALS3? 130 9% 40% 58.8 26% 63.8 13% 11% 21% 0%
FTLD-TDP 108 7% 44% 61.3 32% 69.0 93% 9% 18% 6%
LBD 282 19% 23% 63.8 46% 77.3 75% 33% 32% 15%
MSA 47 3% 38% 57.8 24% 65.7 4% 6% 32% 9%
CBD 41 3% 54% 63.5 49% 68.3 39% 7% 29% 5%
Pick 24 2% 38% 57.7 21% 67.7 92% 0% 29% 4%
PSP 109 7% 36% 68.1 64% 75.6 26% 16% 26% 11%
Logistic regression association with CVD
Predictor OR 95% ClI p-value
Age at Death 1.19 (1.13, 1.26) <0.001
low AD 0.98 (0.50, 1.91) 0.94
AD 2.59 (1.44, 4.67) <0.01
ALS 0.51 (0.25, 1.04) 0.06
FTLD-TDP 0.52 (0.25, 1.06) 0.07
LBD 1.09 (0.59, 2.01) 0.78
MSA 1.28 (0.57, 2.89) 0.55
CcBD 0.88 (0.37, 2.09) 0.78
Pick 0.86 (0.31, 2.41) 0.78
PSP 0.77 (0.39, 1.53) 0.46
Lincludes unremarkable, PART and AGD
2 defined as intermediate or high AD neuropathologic change
3includes ALS with cognitive decline or dementia
freel org
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Since our brain bank consists of such a diverse
population of neurodegenerative diseases, two sub-
groups were defined to assess the clinical impact of
AD and cerebrovascular pathology (Table 3). The AD
spectrum subgroup (n=743) is comprised of cases
with underlying AD neuropathology (from not AD to
high AD) as the primary neuropathological diagnosis
regardless of clinical symptoms. The NI to AD sub-
group (n=566) is comprised of cases in the AD spec-
trum subgroup but excludes clinical frontotemporal
syndromes and other atypical AD presentations. In-
formed consent for autopsy was obtained in accord-
ance with state laws and protocols approved by the
University of Pennsylvania.

Vascular risk factors

Vascular risk factors included atherosclerosis
and/or a history of heart disease, hyperlipidemia,
stroke events, diabetes, or hypertension, extracted
from health records spanning three decades. Heart
disease (n=867) included diagnoses of atrial fibrilla-
tion, aortic stenosis, cardiac arrhythmia, coronary
artery disease, and/or cardiac murmur. Stroke
events (n=845) included diagnoses of transient is-
chemic attacks and/or cerebrovascular accidents.
Hyperlipidemia (n=577) included diagnoses of hy-
perlipidemia or hypercholesterolemia. Diabetes
(n=867) and hypertension (n=846) status were also
obtained. Atherosclerosis was defined as moderate
to severe atherosclerosis observable in the circle of
Willis at autopsy and was available for the majority
of cases (n=1,480). 846 cases had enough health his-
tory data to define them as having any single risk fac-
tor or multiple risk factors.

Pathology

Sixteen brain regions are routinely examined in
the CNDR neuropathology evaluations (9). Each re-
gion was assigned a semi-quantitative score, i.e.
none, rare, mild, moderate, or severe for neurofibril-
lary tangles based on immunohistochemistry
against tau (mouse antibody PHF1, a gift from Dr.
Peter Davies), or for plaques and CAA based on im-
munohistochemistry against amyloid- (mouse anti-
body NAB228, generated in CNDR). Furthermore, ar-
teriolosclerosis scores were determined based on
hematoxylin and eosin histology. Moderate to se-
vere CAA and arteriolosclerosis was assessed as per

Robinson et al
page 5 of 15

Deramecourt et al (10). All cases were reviewed by
a board-certified neuropathologist (JQT and/or EBL)
for quality assurance and accurate grading. The level
of AD neuropathology was assessed by the amount
of tau-positive neurofibrillary tangles, tau-positive
neuritic plaques, and amyloid-p positive plaques ac-
cording to consensus criteria (2). Neuropathologic
AD was defined as an intermediate or high level of
AD neuropathologic change.

Cerebrovascular lesions were assessed by ex-
amination of histological and immunohistochemi-
cally stained slides and compiled from post-autopsy
gross and microscopic reports and as described be-
low. Data on large infarcts were collected from re-
ports detailing infarcts 21 cm in diameter visible at
autopsy. Lacunar infarcts were also determined
from records that reported grossly visible infarcts <1
cm in diameter or that were described as lacunar in-
farcts at time of autopsy. Microinfarcts were defined
as infarcts <0.5cm in diameter that were not ob-
served grossly and were collected from microscopic
reports. In addition, the occipital hematoxylin and
eosin slides were examined for all cases for the pres-
ence of microinfarcts. Hemorrhages refers to large
hemorrhages described grossly. Arteriosclerosis in
the occipital white matter was assessed for all cases.
CAA severity was primarily assessed in the occipital
cortex and was reported as a maximum of scores
from three additional neocortical regions if availa-
ble: middle frontal cortex, superior temporal cortex,
and angular gyrus. Four neocortical CAA scores were
available for the majority of cases (n=1,258).

Statistical analysis

R 3.6.2 was used for all regression analyses.
Univariate analysis was performed to quantify the
association between variables. Logistic regression
analysis was used to build a model of dementia to
assess each measure’s contribution. Odds ratios and
effect sizes for age were assessed for each 5-year in-
crease with confidence intervals reported at 95%.
Likelihood ratio tests for nested models were used
to assess the effect of variables with multiple cate-
gories, such as clinical diagnosis. We investigated
the effect of missing vascular risk factor data
through inverse probability weighting (11). This pro-
cedure aims to correct potential bias incurred by
considering only subjects with available risk factor

free org


https://doi.org/10.17879/freeneuropathology-2022-3792

Free Neuropathology 3:7 (2022)

doi: https://doi.org/10.17879/freeneuropathology-2022-3792

Table 3. Cohort description

Robinson et al
page 6 of 15

Cohort All AD spectrum? NI to AD?
n 1485 743 566
Age of onset, years (SD) 64.9 (10.9) 68.1 (10.3) 69.1 (10.0)
Late onset? 51% 60% 63%
Age at death, years (SD) 74.5 (11.0) 77.0 (10.7) 77.3(10.8)
Female 44% 53% 54%
APOE €4 40% 54% 55%
No impairment 9% 18% 24%
Cognitive impairment/dementia 66% 78% 76%
Vascular risk factors
Atherosclerosis* 34% 40% 39%
Diabetes® 8% 10% 9%
Heart® 18% 27% 28%
Hypertension’ 36% 43% 48%
Lipid® 38% 42% 43%
Stroke® 5% 10% 8%
Any risk factor 64% 73% 77%
Multiple risk factors 35% 46% 50%
CvD
None 48% 60% 61%
Single 32% 38% 38%
Multiple 16% 22% 23%
Neuropathologic AD
All 48% 76% 78%
AD impairment/demential® 28% 56% 74%
No impairment 1% 3% 4%
Atypical 8% 17% 0%
Other disease 10% 0% 0%

1 all cases with a primary neuropathologic diagnosis of Not AD or low, intermediate or high AD neuropathologic change.
2 all AD spectrum cases excluding atypical presentations such as frontotemporal syndromes.

3 onset of clinical symptoms >65 years.

4moderate to severe atherosclerosis, available for n=1,480.

5 available for n=867.

6 includes aortic stenosis, atrial fibrillation, cardiac arrhythmia, coronary artery disease, and cardiac murmur; available for n=867.

7 available for n=846.

8includes hyperlipidemia and hypercholesterolemia; available for n=577.

9includes transient ischemic attack; available for n=845.

10includes probable AD, possible AD, dementia not otherwise specified, and cognitive impairment.
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data. Inverse probability weighting results were very
similar to those using available data, illustrating the
robustness of results. As such, complete case anal-
yses are presented. Unadjusted analysis of cases
with cognitive impairment or dementia, and with no
CVD, with a single cerebrovascular lesion and with
CVD, between participants with and without de-
mentia was performed using Pearson’s X2 tests us-
ing two degrees of freedom. All statistical tests were
two-sided with statistical significance set at <0.05
level.

Results
Full cohort demographics

Demographic and neuropathological data was
available for 1,485 cases (Table 3). NI individuals,
comprising 9% of the cohort, were without a history
of clinical neurodegenerative disease. Of the re-
maining individuals, 51% were clinically late-onset
cases with an average age of onset of 64.9 years and
an average age of death of 74.5 years. 66% had cog-
nitive impairment or dementia including AD, fronto-
temporal syndrome, and Parkinson’s disease de-
mentia or Dementia with Lewy bodies (see Table 1
for the breakdown by primary clinical diagnosis).
Pathologically, over ten primary neuropathological
diagnoses were represented, with AD and Lewy
body disease representing the most frequent under-
lying neurodegenerative diseases (see Table 2 for
the breakdown by primary neurodegenerative dis-
ease). Vascular risk factors — such as the presence of
moderate to severe atherosclerosis or a health his-
tory that included diabetes, heart problems, hyper-
tension, high levels of lipids, or stroke events — were
present in 64% of individuals. Atherosclerosis, hy-
pertension, and high lipids were the most common
risk factors. These risk factors frequently co-oc-
curred. Individually, diabetes, heart disease, and
stroke had a >90% co-occurrence with other vascu-
lar risk factors while atherosclerosis, hypertension,
and high lipids had a >60% co-occurrence with other
vascular factors. Overall, multiple risk factors were
present in 35% of individuals. Neuropathologic AD,
defined as the presence of intermediate or high AD
neuropathologic change, occurred in 48% of all
cases, representing 28% with AD dementia, 8% with
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atypical AD clinical phenotypes such as frontotem-
poral degeneration, 10% of cases as a co-pathology,
and 1% of NI cases.

Cerebrovascular lesions

The presence and severity of cerebrovascular
lesions were histologically assessed (Figure 1,
Table 4). The most common lesions affected blood
vessels including the presence of moderate to se-
vere CAA or arteriolosclerosis which affected 29%
and 18% of the overall cohort, respectively. Infarcts
and hemorrhages were less common, but when pre-
sent, the majority occurred when concurrent cere-
brovascular lesions were described. Large infarcts,
for instance, were noted in only 5% of all cases, but
86% of cases with large infarcts had other cerebro-
vascular lesions. Similarly, the majority of cerebro-
vascular lesions co-occurred 52-86% of the time,
with only CAA occurring with other lesions in a mi-
nority of cases 38% of the time. Given the prepon-
derance of concurrent cerebrovascular lesions, CVD
was defined when more than one lesion was pre-
sent. Overall, cerebrovascular lesions were ob-
served in 48% (n=720) of cases, including 32%
(n=482) with a single lesion and 16% (n=238) with
multiple lesions.

Table 4. Cerebrovascular lesion frequency

Overall Single Multiple
Cerebrovascular lesion n (%) n (%) n (%)*
Large infarct 73 (5) 10 (14) 63 (86)
Lacunar infarct 86 (6) 22 (26) 64 (74)
Microinfarct 108 (7) 42 (39) 66 (61)
Hemorrhage 36 (2) 17 (47) 19 (53)
Moderate/severe 261(18) 126(48) 135(52)
arteriolosclerosis
Moderate/severe CAA 427 (29) 266(62) 161(38)
Any lesion 720 (48) 482 (67) 238(33)
None 765 (52)

1 Proportion of lesion-positive cases with each lesion.
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We next assessed, which, if any, neuropatho-
logical or clinical groups had elevated frequencies of
CVD. As age at death significantly associated with
the presence of either single or multiple cerebrovas-
cular lesions (OR 1.27, 1.21-1.34, p<0.001), we ad-
justed for age in our analysis. Neuropathologically,
the cases with a primary diagnosis of amyotrophic
lateral sclerosis, corticobasal degeneration, fronto-
temporal lobar degeneration, Lewy body disease,
Pick disease, and progressive supranuclear palsy,
low AD, and neuropathologic AD were compared to
the cases with ‘not AD’ as their primary diagnosis.
Only neuropathologic AD had an increased preva-
lence of CVD (OR 2.59, 1.44-4.67, p<0.01). Other
neurodegenerative diseases were not more likely to
have CVD (Table 2). Similarly, clinical AD dementia
cases were twice as likely as NI cases to have either
single or multiple cerebrovascular lesions (OR 2.24,
1.50 - 3.36, p<0.001). Other clinical groups were not
more likely to have CVD (Table 1) except for cortico-
basal syndrome cases (OR 1.90, 1.05-3.41, p=0.03).
Since many of the corticobasal syndrome cases were
neuropathologically diagnosed as AD, to further as-
sess the impact of clinical diagnoses, we performed
a likelihood ratio test comparing the fit of a model
including both age and neuropathologic AD to a
model including age, neuropathologic AD and clini-
cal diagnoses. In this analysis, the model including

Robinson et al
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Fig. 1 Representative cerebro-
vascular lesions

Moderate to severe (a) lep-
tomeningeal CAA was fre-
quently observed in the occipi-
tal cortex. (b) Severe white mat-
ter arteriolosclerosis was not
uncommon particularly in the
occipital white matter adjacent
to the ventricle. (c) Infarcts were
observed in all subcortical and
cortical regions, including this
large infarct affecting occipital
cortex. Scale bar is 100um in (a)
and (b) and Imm in (c).

clinical diagnoses did not improve the model fit
(p=0.33). Thus, it appears that only cases with neu-
ropathologic AD had an increased likelihood for
CvD.

Age and AD associations with CVD

Since an increased incidence of CVD only oc-
curred with neuropathologic AD and the level of AD
neuropathologic change was assessed in all cases,
we next fit logistic regression models using neuro-
pathologic AD and age as predictors for each cere-
brovascular lesion (Table 5). In this analysis, increas-
ing age associated with an increasing likelihood of
each lesion except hemorrhage (p<0.001) and neu-
ropathologic AD associated with an increasing likeli-
hood of the presence of CAA (p<0.001) but not the
other cerebrovascular lesions (p>0.07). Overall, sin-
gle cerebrovascular lesions were not age associated
(p=0.09), but were neuropathologic AD-associated
(p<0.001), while CVD associated with both increas-
ing age and neuropathologic AD (p<0.001). We con-
clude that infarcts and arteriolosclerosis are more
likely with increasing age, while CAA is more likely
when AD pathology is present, and CVD is associated
with both increasing age and neuropathologic AD.
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Table 5. Age and AD associations with CVD
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Age Neuropathologic AD
Lesion Effect 95% ClI p-value Effect 95% ClI p-value
Infarct, large 1.25 (1.11,1.41) <0.001 0.98 (0.60, 1.60) 0.94
Infarct, lacunar 1.26 (1.13,1.42) <0.001 0.76  (0.48,1.20) 0.24
Infarct, micro 1.20 (1.08,1.33) <0.001 1.28 (0.85,1.94) 0.24
Hemorrhage 0.94 (0.80,1.09) 0.41 1.06 (0.53,2.13) 0.86
Moderate/severe arteriolosclerosis 1.21  (1.13,1.29) <0.001 1.29 (0.98,1.72) 0.07
Moderate/severe CAA 1.12 (1.05,1.19) <0.001 7.42 (5.61,9.82) <0.001
Any single lesion 1.05 (0.99,1.11) 0.09 2,29 (1.82,2.89) <0.001
CVD (multiple) 1.29 (1.19,1.39) <0.001 2.25 (1.65,3.06) <0.001

Vascular risk factors and CVD

Vascular risk factor information was available
for a majority of the cohort (57%; n=846). Unsurpris-
ingly, the presence of any or multiple vascular fac-
tors increased with age (any risk factor = OR 1.48,
1.37-1.59, p<0.01; multiple risk factors = OR 1.32,
1.23-1.42, p<0.01). To better understand the role of
vascular risk factors in the development of cerebro-
vascular pathology, we next performed logistic re-
gression analysis incorporating vascular risk factors,
age and AD in a model of CVD (Table 6). When any
vascular risk factors are present, there is an associa-
tion with CVD (p<0.001) but not single cerebrovas-
cular lesions (p=0.37). Vascular risk factors had the
strongest association with the presence of infarcts
(p<0.001), and also associated with arteriolosclero-
sis (p<0.01), but did not associate with CAA (p=0.55).
In these analyses, age consistently associated with
all cerebrovascular lesions (p<0.01), while neuro-
pathologic AD strongly associated with CAA
(p<0.001), arteriolosclerosis (p=0.001), but not in-
farcts (p=0.23). In all cases, multiple risk factors
were not significantly more likely to associate with
cerebrovascular lesions in the presence of any risk
factor.

AD spectrum and NI to AD demographics

Because cognitive impairment or dementia due
to causes other than neuropathologic AD was com-
mon in our cohort, we hypothesized that the clinical
impact of CVD would only be apparent in cases with

free

AD or cerebrovascular pathology as their primary
pathology. These cases are the AD spectrum and NI
to AD subgroups (Table 3). The AD spectrum sub-
group includes approximately half of the full cohort
(n=743) including 56% with AD dementia, 17% with
atypical dementias and 3% with neuropathologic AD
in the absence of cognitive impairment. The NI to AD
subgroup (n=566) is the AD spectrum subgroup ex-
cluding the atypical AD cases and includes 74% with
AD dementia. The AD spectrum and NI to AD groups
shared similar demographics. Both were older at on-
set (68.1 and 69.1 respectively) and at death (77.0
and 77.3 respectively) compared to the overall co-
hort. More women were present in the AD spectrum
and NI to AD groups (53% and 54% compared to
44%). CVD was elevated in these groups. CVD was
present at 22% and 23% respectively compared to
16% for the overall cohort. The presence of one or
more risk factors was also higher in the AD spectrum
and NI to AD groups. Any vascular risk factor was
present at 73% and 77% respectively compared to
64% for the full cohort, while multiple risk factors
were present in 46% and 50% respectively com-
pared to 35% for the overall cohort.

Clinical relevance of CVD

We next asked if the presence of CVD associ-
ated with cognitive impairment in the AD spectrum
and NI to AD subgroups (Table 7). In the full cohort,
CVD did not correlate with a higher incidence of im-
pairment in cases with (p=0.13) or without (p=0.77)
neuropathologic AD. In the AD spectrum subgroup,
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Table 6. Vascular risk factor associations with CVD

Risk factor Age Neuropathologic AD

Cerebrovascular lesion Vascular risk factors OR p-value OR p-value OR p-value

Single 3.31 <0.001 1.20 0.001 0.78 0.23
Infarcts, any

Multiple 2.25 <0.001 1.23 <0.001 0.77 0.21

Single 3.02 <0.01 1.28 <0.01 3.64 0.001
Moderate/severe arteriosclerosis

Multiple 1.89 0.05 1.33 <0.001 2.07 0.01
Moderate/severe CAA Slngle 0.90 0.56 1.43 <0.001 8.63 <0.001

Multiple 1.10 0.57 1.40 <0.001 8.46 <0.001

Single 0.86 0.37 1.17 <0.01 2.56 <0.001
Any single lesion

Multiple 0.87 0.38 1.16 <0.01 2.57 <0.001
D Single 2.33 0.001 1.55 <0.001 2.81 <0.001

Multiple 2.01 0.001 1.57 <0.001 2.75 <0.001

Table 7. Association of CVD by level of npAD with cognitive impairment

Cohort CVvD n  Cognitive impairment or dementia X2 p-value

Full cohort
None 522 42%

Not/low AD Single 181 44% 4.02 0.13
Multiple 73 559%
None 243 88%

Neuropathologic AD  Single 301 89% 0.54 0.77
Multiple 165 90%

AD Spectrum
None 101 12%

Not/low AD Single 41 19% 30.23 <0.001
Multiple 33 56%
None 187 95%

Neuropathologic AD  Single 244 94% 0.98 0.61
Multiple 137 92%

NI to AD
None 75 5%

Not/low AD Single 31 6% 11.60 <0.01
Multiple 20 30%
None 148 95%

Neuropathologic AD  Single 186 96% 0.22 0.90
Multiple 106 95%

freene yathology.org


https://doi.org/10.17879/freeneuropathology-2022-3792

Free Neuropathology 3:7 (2022)
doi: https://doi.org/10.17879/freeneuropathology-2022-3792

neuropathologic AD cases with CVD did not differ by
their incidence of impairment (p=0.90) compared to
neuropathologic AD cases without CVD. However,
cases without neuropathologic AD but with CVD
were substantially more likely to have impairment
than cases without neuropathologic AD or CVD
(p<0.001). In the absence of neuropathologic AD,
the incidence of impairment was 56% if definite CVD
was present, but only 19% if limited CVD was pre-
sent, and 12% if CVD was absent. A similar result was

Table 8. Comparison with VCING guidelines

a. by VCING preferred model level of CVD

Robinson et al
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observed in the NI to AD cohort. Neuropathologic
AD cases, with and without CVD, did not differ by
their incidence of impairment (p=0.61), but cases
without neuropathologic AD, but with CVD, were
substantially more likely to have impairment than
cases without CVD (p<0.01). In the NI to AD cohort,
in the absence of neuropathologic AD, the incidence
of impairment was 30% if CVD was present, but only
6% if a single cerebrovascular lesion was present,
and 5% if no cerebrovascular lesions were observed.

b. by CNDR level of CVD

Level VeiNG CNDR Agreement Level CNDR VeING Agreement
n n n n
None 955 765 80% None 765 765 100%
Low 391 312 80% Low 482 312 65%
Moderate 109 99 91% Moderate 166 73 44%
High 30 30 100% High 72 26 36%

Vascular risk arteriolosclerosis

factors
Ageing infarcts
AD CAA

Fig. 2 CVD associates with cognitive impairment

Cognitive

impairment

The possibility of either AD (OR 1.11, 95% ClI 1.02-1.20, p<0.01) or vascular co-morbidities (OR 1.46, 95% Cl 1.30-1.64, p<0.01) is more
likely with increasing age. Individual CVD lesions frequently occur when AD or vascular risk factors are present (see Tables 3 and 4).
Vascular risk factors also increase the likelihood of multiple CVD lesions (OR 1.94, 95% Cl 1.07-3.52, p=0.03) as does ageing itself (OR 1.15,
95% Cl 1.02-1.30, p = 0.03). Multiple CVD lesions (OR 2.36, 95% Cl 1.23-4.52, p<0.01), but not single lesions (OR 0.93, 95% CI 0.54-1.60,
p=0.80), associate with cognitive impairment or dementia. Logistic regression modelling the effect of age, AD pathology, vascular risk
factors and CVD on cognitive impairment for AD spectrum cases with available vascular risk factors (n=421). Similar results were obtained

when modelling for dementia (not shown).
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Discussion

That cerebrovascular disease is the second
most common cause of dementia after Alzheimer’s
disease is well known (12), but the term “cerebro-
vascular disease” has various meanings depending
on the clinical, neuroimaging or neuropathological
context. Even within the field of neuropathology,
dozens of lesions have been reported, many of
which are dependent on laboratory-specific sam-
pling and histological techniques (4,6). Furthermore,
while understanding of individual lesions has im-
proved (13—17), the co-occurrence of lesions con-
founds efforts to correlate the lesion-specific effects
with cognitive impairment (8,18). Thus, it is im-
portant to define a model of CVD that is straightfor-
ward and easily reproduced (Figure 2).

Our approach examined six CVD pathologies in-
cluding moderate/severe cortical CAA, moder-
ate/severe white matter arteriolosclerosis, large in-
farcts, lacunar infarcts, microinfarcts and hemor-
rhages, and defined a moderate to high level of CVD
as the presence of two or more of these pathologies.
The VCING study’s model of three pathologies
weighted large infarcts twice as strongly as moder-
ate/severe occipital leptomeningeal CAA or moder-
ate/severe occipital white matter arteriolosclerosis
and defined a moderate to high level of CVD as the
presence of either large infarcts, both CAA and arte-
riolosclerosis, or large infarcts with one or both
other lesions. Since large infarcts were associated
with other CVD lesions 86% of the time, our additive
model of CVD is functionally similar to the VCING
model that defines all cases with large infarcts as
having a moderate level of CVD. Indeed, the corre-
spondence between the VCING model and our study
was high (Pearson’s correlation coefficient = 0.803).
Cases with a moderate or high level of CVD by VCING
were also defined as a moderate to high level of CVD
by CNDR with 91-100% agreement (Table 8). How-
ever, with the inclusion of additional lesions in our
model, many more cases have cerebrovascular pa-
thology than are defined by the VCING model, so 36-
44% of our moderate to high level CVD cases would
not be captured by the VCING model (Table 8).

Defining CVD as the presence of multiple cere-
brovascular lesions correlated well with cognitive
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impairment in the absence of definite AD, while sin-
gle cerebrovascular lesions did not (Table 7). Other
studies have also reported that a moderate or high
burden of cerebrovascular lesions is a better corre-
late of cognitive decline than low levels (17,19,20).
By age 90, for instance, close to 50% of individuals
without dementia have microinfarcts, while just
over 50% of individuals with dementia have infarcts
(19). However, three or more microinfarcts were
present in 26% of those with dementia compared to
7% without, indicating that it is the presence of mul-
tiple infarcts that associated with dementia, while
one or two were tolerated without concomitant de-
mentia. Similar results have been reported for
younger cohorts (17,20), suggesting that a more se-
vere CVD burden is a better correlate of impairment.
It should also be pointed out that an additive model
of CVD is functionally similar to the consensus crite-
ria for AD (2). In AD, an individual with only B-amy-
loid plaques has a low level of AD neuropathologic
change, but an individual with additional tau-posi-
tive neurofibrillary tangles who also develop tau-
positive cortical neuritic plagues is more likely to
have an intermediate or high level of AD neuropath-
ologic change. Most older individuals without cogni-
tive impairment have a low level of AD neuropatho-
logic change but most individuals with dementia
have a high level of AD neuropathologic change (3).

Our study attempted to disentangle the contri-
bution of ageing itself or AD pathology to the devel-
opment of cerebrovascular lesions (Table 5). Individ-
ual lesions such as infarcts, moderate/severe arteri-
olosclerosis, and moderate/severe CAA associated
with increasing age, but only moderate/severe CAA
associated with the presence of AD pathology. How-
ever, it should be noted that AD and CVD rarely oc-
cur in isolation. Not only is the common co-morbid
lesion frequency estimated at >90% for CAA, ~50%
for arteriolosclerosis, >30% for microinfarcts, >10%
for larger infarcts and >10% for hemorrhages (18),
but both AD and cerebrovascular pathologies may
accumulate a decade or even decades before clinical
symptoms (21-24). Recent imaging studies have
even suggested that hypoperfusion (25) and blood
brain barrier dysfunction (26) are early events in the
development of AD, much as they are speculated to
be in the development of CVD. Nonetheless, our
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data is consistent with ageing as a risk factor for in-
farcts and arteriolosclerosis, and AD as a risk factor
for CAA.

CVD also associated with vascular risk factors in
our study (Table 6). Both CVD and AD are ageing-re-
lated diseases, but cerebrovascular lesions such as
infarcts or moderate/severe arteriolosclerosis were
more likely when co-morbidities such as hyperten-
sion, diabetes or atherosclerosis were present.
While these associations between vascular risk fac-
tors, cerebrovascular pathology, and cognitive im-
pairment are widely assumed to exist, they are
rarely reported [7, 11, 18]. There are multiple rea-
sons for this, but the largest confound may be the
overlap between risk factors associated with both
CVD and AD. Indeed, several ‘vascular’ risk factors
are also AD risk factors and previous studies have
suggested that up to 35% of late-life dementia may
be preventable by targeting multiple risk factors
such as diabetes, hypertension, obesity, smoking,
depression, cognitive inactivity, and physical inactiv-
ity (1,27,28). Hypertension and diabetes are poten-
tially modifiable risk factors for clinical AD [17], ath-
erosclerosis is increasingly seen as contributing to
dementia in a mode similar to AD [28], and vascular
risk factors have correlated with increasing AD bi-
omarkers in preclinical AD [3]. In our study, multiple
vascular risk factors were often present in the same
individual, but, surprisingly, the presence of multiple
risk factors was not more likely than the presence of
a single risk factor to associate with CVD pathology.

The present work is best understood in the
context of the strengths and limitations of our study
design. For this study, as recommended in the pre-
ferred model of the VCING study (8), we screened
the occipital cortex for CAA, arteriolosclerosis and
micro-infarcts. It should be noted that our model is
minimalistic, and other models of cerebrovascular
disease also deserve closer attention for their rele-
vance to the study of dementia in older adults. Stro-
zyk et al examined a 6-point vascular score (involv-
ing large infarcts, lacunar infarcts and leukoenceph-
alopathy) that associated with dementia (29); Dera-
mecourt et al reported a 20-point vascular score (in-
volving arteriolosclerosis; amyloid angiopathy, peri-
vascular hemosiderin leakage; perivascular space di-
lation, myelin loss and cortical micro-infarcts and
large infarcts in multiple regions) that correlated
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well with vascular and mixed dementia (10); the
Newcastle categorization describes cerebrovascular
disease as heterogeneous and proposes six subtypes
to best describe the presence and distribution of
cerebrovascular lesions (30). One obvious limitation
is that we graded leptomeningeal, parenchymal and
capillary CAA as a single cortical CAA score when
each type of CAA may have differential effects in a
CVD model of cognitive impairment (32,33). Relat-
edly, reporting infarcts by subtype — i.e. strategic in-
farcts versus multiple small lacunes versus cortical
infarcts — may have revealed which type of infarct
most correlated with cognitive impairment (29, 30).
The primary benefit of screening the occipital cortex
for arteriolosclerosis, micro-infarcts and CAA is that
it appears to be susceptible to both CAA (5) and mi-
cro-infarcts (19). Nonetheless, the inclusion of addi-
tional regions or stains may have also affected the
overall picture of CVD in our cohort, as the differ-
ences in postmortem sampling and staining meth-
ods is a well-known problem in the field (4). In our
analysis of vascular risk factors, we describe athero-
sclerosis in the circle of Willis as a risk factor, while
other studies report atherosclerosis as a neuropath-
ologic change (23, 31). In fact, both views on ather-
osclerosis are valid. Atherosclerosis as an intracra-
nial pathologic change may be a consequence of
other risk factors such as hyperlipidemia, and ather-
osclerosis as a risk factor may contribute to the in-
tracerebral parenchymal lesions in our study. Fi-
nally, the majority of cases in our brain bank are
composed of individuals with a neurodegenerative
disease who were enrolled for brain tissue donation
through tertiary referral clinics, and therefore our
cohort has a younger age at death than many com-
munity- or population-based cohorts, with an over-
all lower incidence of cerebrovascular lesions than is
observed in older cohorts (34). As a consequence,
the number of AD-associated CVD lesions is perhaps
overrepresented compared to the number of age-
associated CVD lesions.

In conclusion, we report an additive model of
CVD that accounts for the presence of global in-
farcts, moderate/severe CAA, and moderate/severe
arteriolosclerosis. When multiple cerebrovascular
lesions are present, CVD associates with cognitive
impairment or dementia in the absence of other
neurodegenerative diseases and, importantly, CVD
also associates with vascular risk factors. As a
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straightforward to apply definition of CVD, our
model could be easily reproduced in community-
based cohorts for a more complete understanding
of the frequency of CVD in the population. Future
studies may be better able to disentangle the over-
lap between risk factors, ageing, and AD pathology
with cerebrovascular pathology and thus improve
the detection and treatment of vascular cognitive
impairment and dementia.
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