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INTRODUCTION

Abstract

Objective: To compare neuropathological correlates of cognitive impairment between
very old and younger individuals from a Brazilian clinicopathological study.
Methods: We assessed the frequency of neuropathological lesions and their associa-
tion with cognitive impairment (Clinical Dementia Rating scale >0.5) in the 80 or
over age group compared to younger participants, using logistic regression models
adjusted for sex, race and education.

Results: Except for infarcts and siderocalcinosis, all neuropathological lesions were
more common in the 80 or over age group (n = 412) compared to 50-79 year olds
(n = 677). Very old participants had more than twice the likelihood of having >2
neuropathological diagnoses than younger participants (OR = 2.66, 95% CI =
2.03-3.50). Neurofibrillary tangles, infarcts and hyaline arteriolosclerosis were as-
sociated with cognitive impairment in the two age groups. Siderocalcinosis was
associated with cognitive impairment in the younger participants only, while Lewy
body disease was associated with cognitive impairment in the very old only. In
addition, we found that the association of infarcts and multiple pathologies with
cognitive impairment was attenuated in very old adults (Infarcts: P for interac-
tion = 0.04; and multiple pathologies: P = 0.05). However, the predictive value for
the aggregate model with all neuropathological lesions showed similar discrimination
in both age groups [Area under Receiver Operating Characteristic curve (AU-
ROC) = 0.778 in younger participants and AUROC = 0.765 in the very old].
Conclusion and relevance: Despite a higher frequency of neuropathological findings
in the very old group, as found in studies with high-income populations, we found
attenuation of the effect of infarcts rather than neurofibrillary tangles and plaques
as reported previously.

of the participants in clinicopathological studies. Therefore,
most of the participants reached end-stage disease by the

Globally, the number of very old people (ie, those aged
80 years or over) increased fourfold from 1980 to 2017,
and by 2050 about 425 million people will be older than
80 years (48). The risk of dementia increases exponentially
from the age of 65, reaching a prevalence of 17% in
individuals aged 75 to 84 years old, and 32% in those
aged 85 or more (1). Understanding the neuropathological
lesions underlying dementia is an essential step to devel-
oping effective diagnostic, prevention and therapeutic
strategies against dementia. Because of cultural, logistic
and financial constraints, dementia clinics provide most
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time of autopsy. The few community-based studies that
exist tend to attract highly educated, healthy Caucasians
and their mean age at death were around 85 years (25,
51). Interestingly, studies comparing the neuropathological
correlates of dementia in the very old with the few younger
participants available suggest that although very old par-
ticipants showed a higher prevalence of most neuropatho-
logical findings and higher odds of having multiple
pathological findings in the brain, the effect of individual
neurodegenerative and cerebrovascular changes on cognitive
impairment was attenuated (21, 28, 41). This suggests
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either that other undetected underlying causes contribute
to cognitive decline in the very old group, diluting the
effect of known neuropathological changes, or that genetic
factors conferring longevity and especially longevity free
of major diseases may confer neuronal resilience against
neurodegenerative and vascular changes in the very old
(21, 24, 28, 36, 41). As these differences may represent
differences in mechanisms of neurodegeneration and selec-
tive neuronal vulnerability in older and younger patients,
a better understanding of the differences between neuro-
pathological correlates of dementia between old and very
old individuals is warranted.

In 2017, 54% of very old people lived in low-middle
income countries (LMIC), and this proportion is expected
to increase to 70% by 2050 (48). However, very little is
known about the risk factors for dementia and the neuro-
pathological correlates of dementia in the very old living
in LMIC. Using a well-characterized, population-based clin-
icopathological study from Brazil that features different race
composition, socioeconomic factors, and educational attain-
ment profile compared to available series from high-income
countries (HIC) (43), we demonstrated that even a small a
percentage of African descent lower the relative risk to
accumulate AD-related neuritic plaques compared to
Caucasian ancestry (42), suggesting that ethnicity may affect
the vulnerability to neuropathological changes. Among other
results retrieved from the same series, we also demonstrated
that the prevalence of vascular dementia is higher in this
population than in reported community-based clinicopatho-
logical studies from HIC (45). Here, we sought to investigate
the prevalence and impact on cognitive impairment of neu-
ropathological changes in individuals aged 80 and older
compared to a group aged from 50 to 79.

MATERIALS AND METHODS

Participants

We used cases from the Biobank for Aging Studies (BAS)
of the University of Sao Paulo, formerly known as the
Brain Bank of the Brazilian Aging Brain Study Group (16),
which is sourced by the Sdo Paulo Autopsy Service of the
University of Sdao Paulo, Brazil. In Sao Paulo, an autopsy
is mandatory in cases where the nontraumatic cause of
death is unclear. From 2004 to 2014, we included partici-
pants aged 50 years and older with a knowledgeable inform-
ant who had had at least weekly contact with the deceased,
to provide clinical information. Exclusion criteria for the
BB-BABSG were: (i) brain tissue unsuitable for neuropatho-
logical analyses (eg, cerebrospinal fluid pH < 6.5, or major
acute brain lesions, such as hemorrhages or tumors); and
(ii) inconsistent clinical data provided by the informant.
Individuals with monogenic dementia were also excluded.

Neuropathological assessment

Brain tissue was obtained within 24 h of death. One hemi-
sphere was fixed in 4% buffered paraformaldehyde and
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the other was frozen at —80°C. After fixation, samples
from the following 13 regions were selected and embedded
in paraffin: middle frontal gyrus, middle and superior
temporal gyri, angular gyrus, superior frontal and anterior
cingulate gyrus, visual cortex, hippocampal formation at
the level of the lateral geniculate body, amygdala, basal
ganglia at the level of the anterior commissure, thalamus,
midbrain, pons, medulla oblongata and cerebellum. We
cut the paraffin blocks into 5 um thick sections, and stained
them in hematoxylin and eosin. In selected sections, we
used immunohistochemistry with antibodies against
B-amyloid (4G8, 1:10.000; Signet Pathology Systems,
Dedham, Massachusetts), phosphorylated tau (PHF-1,
1:2.000; donated by Peter Davies, New York, NY, USA),
TDP-43 (1:500, Proteintech, Chicago, IL, USA) and
a-synuclein (EQV-1, 1:10.000; donated by Kenji Ueda, Tokyo,
Japan). We used internationally accepted criteria to diag-
nose brain pathologies (3-5, 26, 29).

AD-neuropathology was evaluated using the Consortium
to Establish a Registry for Alzheimer’s disease (CERAD)
criteria for neuritic plaques (29), and the Braak and Braak
(BB) score for neurofibrillary tangles (NFT) (4). Our assess-
ment of cerebrovascular lesions consisted of gross and
microscopic evaluations (45). We registered infarcts by
topography, type, stage, size and number. For the current
study, inclusion in the group “infarct” was granted to
subjects with either one large chronic infarct (>1 cm) or
three lacunae (<1 cm) in any of the following strategic
areas: thalamus, frontocingular cortex, basal forebrain and
caudate, medial temporal area, or angular gyrus (45). The
diagnosis of small-vessel disease included moderate or
severe arteriosclerosis/atherosclerosis and lipohyalinosis in
three or more cortical regions (18). The group “vascular”
consisted of participants meeting criteria for SVD and/or
“infarct.” Furthermore, we evaluated the presence of cer-
ebral amyloid angiopathy (CAA) in the meninges, gray
matter and white matter as a separate diagnostic group.
CAA was considered as present when we observed wide-
spread disease in at least three different cortical areas
(18). Finally, we also examined the presence of siderocal-
cinosis. Siderocalcinosis was defined as vascular minerali-
zation in the middle layer of the walls of small- and
medium-sized arteries in the striatum (18, 27, 44) and was
classified as present/absent. Hippocampal sclerosis, defined
by loss of pyramidal cell and gliosis in the CAl and
subiculum of the hippocampus, was scored as absent or
present. The presence of argyrophilic grains (AG) was
defined by abundant phosphorylated tau-positive grains
in the hippocampal CAl, pretangles in the hippocampal
CA2, and oligodendrocytes with coiled bodies in the hip-
pocampal or temporal white matter (39). Lewy neuropa-
thology was classified using the Braak staging for PD (5).
We assessed the presence of transactive response DNA-
binding protein 43 kDA (TDP-43) in at least the hip-
pocampal formation and the amygdala of 410 participants,
since the introduction of immunohistochemistry for this
protein in our routine in 2012. Further assessment for
TDP-43 was performed in participants with positivity in
the amygdala or hippocampal formation, or suspicious of
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frontotemporal lobar degeneration. For the current study,
TDP-43 proteinopathy in the amygdala or hippocampal
formation was considered enough (7, 31).

Clinicofunctional post-mortem evaluation

A knowledgeable informant was interviewed to obtain the
deceased’s past clinical history using a semi-structured inter-
view, which was previously validated for post-mortem use
(12, 13). The clinical interview included information about:
(1) sociodemographics: age at death, sex, years of education,
race (White, Black, Brown, and Asian), frequency of contact
between the deceased and the informant; (ii) history of
previous medical diagnosis of hypertension, diabetes, coro-
nary artery disease, heart failure, dyslipidemia, stroke, smok-
ing and alcohol use; and (iii) cognitive evaluation using
the Clinical Dementia Rating (CDR) (30). The CDR evalu-
ates six domains: memory, orientation, judgment and problem
solving, community affairs, home and hobbies, and personal
care. Only the informant section was used in this study.
The participants were classified into five categories: normal
cognition (CDR = 0), questionable dementia (CDR = 0.5),
mild dementia (CDR = 1), moderate dementia (CDR = 2)
and severe dementia (CDR = 3). The presence of cognitive
impairment was considered when the CDR was >0.5. We
measured the weight and height of the deceased in the
supine position, without clothes and shoes, using an elec-
tronic scale. We then calculated the body mass index, divid-
ing the weight in kilos by the square of the height in
meters.

Statistical analysis

We compared sociodemographic and clinical variables
for the participants younger than 80 years old with those
aged 80 or older at time of death using the unpaired
t-test for continuous variables and the chi-square test
for categorical ones. We also compared the frequency
of neuropathological lesions between participants
aged <80 and 80 plus using logistic regression models
adjusted for sex, race and education. The association
between cognitive impairment (CDR > 0.5) and each
neuropathological lesion was investigated in an analysis
stratified by age groups (<80 vs. 280) using logistic regres-
sion models adjusted for sex, race, education and other
neuropathological lesions. We performed a sensitivity
analysis using dementia (CDR > 1) as the outcome. We
investigated the predictive value of the aggregate model
with all neuropathological lesions to discriminate par-
ticipants with from those without cognitive impairment
using the area under the receiver operating characteristic
(ROC) curve in each age group. We then used the DeLong
method to compare the areas under the ROC curves
between younger and very old participants (10). In addi-
tion, we examined whether the association between neu-
ropathology and cognitive impairment was different
between the age groups by including an interaction term
between each neuropathological lesion and the two age
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groups. We further explore if the low educational attain-
ment from our sample was related to differences in the
association between pathologies and cognitive impairment
in younger and very old participants using interaction
terms between age and each neuropathology stratified
by low (<10 years) and high level of education (210 years).
The cutoff of 10 years of formal education was chosen
as it represents the 90th percentile in our sample and
it selected a group in our sample with low education
compared to previous studies (9, 28).

We also investigated whether the association between
number of neuropathologies and cognitive impairment varied
by age groups, by including an interaction term between
number of pathologies (categorized in 0, 1, 2 and 3 or
more) and age group (<80 vs. >80 yo) in a logistic model
adjusted for sex, race and education. Finally, we included
an interaction term of age groups with race [white vs. non-
white, excluding Asian (n = 21)] and education (<4 years
of education vs. 24 years) to investigate whether the asso-
ciation between cognitive impairment and age differed by
race and education. We used the software Stata 12 (StataCorp,
College Station, TX, USA). The alpha level was set at 0.05
in the two-tailed tests.

RESULTS

Of the 1089 participants, 677 were younger than 80 years
old (range: 50-79 years old), and 412 were aged 80 years
or more (range: 80 to 105 years old). Sixty-nine percent
were white, and the mean level of education of the sample
was 4.2 + 3.7 years. Compared to younger participants,
participants in the 80 and over age group tended to be
female, with fewer years of formal education, lower body
mass index, and lower frequency of coronary disease and
dyslipidemia. Also, participants who had never smoked
or used alcohol were more frequent in the older group.
Cognitive impairment was more common among very old
participants compared to those aged from 50 to 79 years
(Table 1). The majority of informants (80%) had daily
contact with the deceased. We examined the associations
of arteriolosclerosis with diabetes and hypertension.
Diabetes was borderline associated with arteriolosclerosis
(OR = 1.43, 95% CI = 0.99-20.8, P = 0.06) using a logistic
regression model adjusted for age and sex. Hypertension
was not associated with arteriolosclerosis in our sample
(OR = 1.02, 95% CI = 0.70-1.47, P = 0.92).

Frequency of pathologies by age group

Almost all neuropathological lesions were more frequent in
very old participants, except for infarcts (P = 0.09), sidero-
calcinosis (P = 0.12) and TDP-43 (P = 0.10) (Table 2). For
example, the frequency of AD-neuropathological lesions was
more common in participants >80 years old than in younger
participants (NFT: OR = 5.03, 95% CI = 3.23-5.57, and
neuritic plaque: OR = 4.31, 95% CI = 3.23-5.57). Also, the
frequency of multiple pathological diagnoses was higher
among the very old (Figure 1). Moreover, being 80 years
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Table 1. Characteristics of the sample by age groups (n = 1089).

Age <80 years Age >80 years

oldn =677 oldn =412 P

Age (years), mean (SD)* 67.0 (8.9) 85.7 (4.7) <0.0001
Male, %' 54.4 38.6 <0.0001
Race, %' 0.13

White 69.0 70.2

Black 9.9 12.6

Brown 19.4 14.8

Asian 1.6 2.4
Education (years), 4.7 (3.7) 3.3(3.4) <0.0001

mean (SD)*
CDR >0.5, %" 31.2 51.5 <0.0001
Hypertension, %" 66.4 64.4 0.50
Diabetes, %' 28.9 23.9 0.07
Coronary artery 27.7 19.3 0.002

disease, %'
Heart failure, %" 16.9 17.1 0.92
Dyslipidemia, %" 10.3 6.6 0.04
Stroke, %" 15.5 17.0 0.53
BMI (kg/m?) , mean (SD)* 24.1 (4.9) 21.8(4.3) <0.0001
Smoking, %" <0.0001

Never 55.2 75.2

Current 33.0 14.6

Former 11.8 10.2
Alcohol use, %" <0.0001

Never 78.7 91.4

Current 13.1 3.2

Former 8.2 5.4

Abbreviations: CDR = Clinical Dementia Rating; BMI = body mass
index.

*Unpaired t-test.

TChi-square test.

or older was associated with almost 3 times the odds of
meeting the criteria for multiple neuropathological diagnosis
compared to younger participants (22 neuropathologies:
22.0% vs. 45.1%, OR = 2.66, 95% CI = 2.03-3.50, P < 0.0001;
>3 neuropathologies: 21.4% vs. 9.2%, OR = 2.62; 95%
CI = 1.82-3.76). Most common combinations of pathologies
in participants <80 years old were vascular lesions plus
siderocalcinosis (n = 24), AD lesions plus siderocalcinosis
(n = 19) and AD plus vascular lesions (n = 14); while in
the very old we found more AD plus vascular lesions
(n = 46), AD lesions and siderocalcinosis (n = 41), and AD
lesions and AG (n = 38). Additionally, we described the
percentage of most common multiple pathologies within
age groups in Figure 2. The distribution of neuropathologi-
cal diagnoses is presented in Supporting Figure 1. The
frequency of multiple diagnoses was also more frequent in
the very old compared to younger participants (p < 0.0001).

Neuropathological correlates of dementia in
the old and very old groups

The prevalence of each neuropathological lesion by cognitive
impairment and age group is shown in Figure 3. We found
that BB score, infarcts, hyaline arteriolosclerosis and sidero-
calcinosis were independently associated with cognitive
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impairment in participants <80 years old in multivariable
models adjusted for sex, race, education and other neuro-
pathological lesions, whereas BB score, infarcts, hyaline
arteriolosclerosis, Lewy body disease (LBD) (cortical diffuse,
not the other types) and TDP-43 correlated to cognitive
impairment in the very old (Table 3). We found similar
findings when we used dementia (CDR > 1) as the outcome
(Supporting Table 1). Aggregate models by age group includ-
ing all neuropathological lesions showed similar discrimina-
tion (¥*> = 1.99, P = 0.16). The area under the ROC curve
for the aggregate model was 0.778 (95% CI = 0.749-0.806)
in younger participants and 0.765 (95% CI = 0.735-0.795)
in very old participants (Figure 4).

When we investigated whether the associations between
each neuropathological lesion and cognitive impairment
were different between the two age groups by adding an
interaction term between them, the interaction terms with
infarct and TDP-43 were significant (P = 0.04 for both).
Compared to those without infarcts, participants with
infarcts had odds of cognitive impairment of almost 7
times in younger participants, while the odds of cognitive
impairment was 3 times in the very old. In the subsample
of participants with TDP-43 evaluation, TDP-43 proteinopa-
thy was associated with almost 8 times the odds of cogni-
tive impairment in the very old, while it was not associated
with worse cognition in younger participants (Table 3).
The association between TDP-43 and cognitive impairment
in the very old was independent of hippocampal sclerosis
presence. After stratifying these analyses by education
attainment, we found that the interaction term between
age groups and infarcts remained significant only in par-
ticipants with less than 10 years of formal education
(P = 0.005). Stratified analyses by education for the inter-
action terms between age and other neuropathology failed
to show significance.

When we used dementia (CDR 2 1) as the outcome,
we found significant interaction terms for infarcts and
hyaline arteriolosclerosis, suggesting an attenuation between
these lesions and dementia in very old participants. The
interaction term of TDP-43 and age group was not sig-
nificant probably because of the small number of partici-
pants with TDP-43 proteinopathy and dementia (Supporting
Table 1). The presence of multiple pathologies was associ-
ated with higher odds of cognitive impairment in both
age groups (Table 4). However, the odds of cognitive
impairment caused by the presence of multiple pathologies
were attenuated in the very old compared to younger
participants (P-value for interaction between number of
pathologies and age groups = 0.048). Additionally, we did
not find any interaction between age groups and race
(P = 0.70) or education (P = 0.20).

DISCUSSION

In this large clinicopathological study from a LMIC, we
found that the frequency of most neuropathological lesions
was higher in the very old compared to participants in
the 50-79 age group. In addition, the odds of multiple
pathologies were almost 3 times higher in the very old.
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Table 2. Frequency of neuropathological lesions by age groups (n = 1089).

Age <80 yon =677 Age >80 yon =412 OR (95% CI)® P

BB NFT score, %" 5.03 (3.85-6.57) <0.0001

o-11 79.2 39.6

=1V 14.9 41.0

V=V 5.9 19.4
CERAD score, %" 4.31 (3.23-5.57) <0.0001

None/Scarce 74.7 39.1

Moderate 10.6 18.7

Frequent 14.6 42.2
Infarcts, %" 10.6 14.7 1.39 (0.95-2.03) 0.09
Hyaline arteriolosclerosis, %" 10.7 20.9 2.00 (1.41-2.84) <0.0001
CAA, %" 3.1 6.6 1.95 (1.07-3.55) 0.03
Hippocampal sclerosis, %" 1.2 5.3 4.41(1.91-10.21) 0.001
Siderocalcinosis, %" 15.9 20.0 1.30 (0.93-1.80) 0.12
BB LBD score, %" 2.50 (1.66-3.76) <0.0001

0 93.1 84.2

~111 3.1 6.8

IV=VI 3.8 9.0
AGD, %" 12.0 23.4 2.06 (1.47-2.88) <0.0001
TDP-43, %™ 9.8 15.7 1.68 (0.90-3.15) 0.10

*Ordinal logistic regression model, adjusted for sex, race and education.
Logistic regression model adjusted for sex, race and education.
*Information available for 410 participants.

$0dds ratio for neuropathological lesions in subjects >80 years old, compared to those <80.

Abbreviations: BB = Braak & Braak; NFT = neurofibrillary tangles; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; NIA-Reagan
AD likelihood = National Institute of Aging-Reagan Institute criteria for the neuropathological diagnosis of Alzheimer's disease; CAA = cerebral amy-
loid angiopathy; LBD = Lewy Body Disease; AGD = argyrophilic grain disease; TDP-43 = transactive response DNA-binding protein 43 kDA.
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neuropathological lesions present in the individual.

Progressive NFT BB stage and meeting the criteria thresh-
old for infarcts and hyaline arteriolosclerosis were associ-
ated with higher odds of cognitive impairment in both
younger and very old participants. Siderocalcinosis, a
vascular mineralization in the middle arterial layers that
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usually appears in the basal ganglia and thalamus, was
associated with cognitive impairment only in those younger
than 80 years old, while LBD, the diffuse cortical type
only, was associated with cognitive impairment in those
older than 80 years. Moreover, we found that the
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Figure 2. Percentage of single and multiple pathologies within each
age group in participants aged under 80 years (black bar) and those aged
80 years or older (white bar). A. Alzheimer's disease (AD) lesions (Braak
& Braak score for neurofibrillary tangles >Ill and CERAD score >B) alone
and in combination with vascular lesions, Lewy body disease (LBD),

association of cognitive impairment with chronic infarcts
and multiple pathologies tended to be weaker in the very
old. However, the aggregate model with all neuropatho-
logical lesions showed similar discrimination for cognitive
impairment in both age groups. Additionally, coronary
artery disease, dyslipidemia, current smoking and current
alcohol use were more common among younger participants
than among older ones. Survival bias may explain this
finding as the literature shows that worse cardiovascular
profile correlates with a shorter life expectancy (14).

Prevalence of neuropathological lesions and
their association with cognitive impairment

We found that most common types of neuropathological
lesions associated with cognitive impairment (ie, AD neu-
ropathological changes, hyaline arteriolosclerosis, CAA,
hippocampal sclerosis, LBD and AG) were 2 times more
common in very old participants. Indeed, Savva et al found
a higher frequency of NFT tangles, vascular lesions and
LBD among individuals aged 80 years and older (41). In
particular, a higher frequency of intermediate to high
burden of AD neuropathological changes in participants
aged 80+ was previously reported (8, 41).

When we examined the association of neuropathological
lesions with cognitive impairment, we found higher odds
of impairment with increasing NFT BB stages, chronic
infarcts and hyaline arteriolosclerosis in both age groups.
Indeed, high NFT BB stages were associated with dementia
in several studies with very old participants (15, 28, 37,
46), while neuritic plaque burden has been inconsistently
associated with dementia (6, 37, 38, 41, 50). Interestingly,
several studies pointed to an attenuation of the association
between AD neuropathological changes and dementia in
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argyrophilic grain (AG), siderocalcinosis (sidero) and TDP-43. B. Vascular
lesions (infarcts and small vessel disease) alone and in combination with
LBD, AG, siderocalcinosis and TDP-43. Chi-square test for the
association between each combination of neuropathological lesions and
age groups: *P < 0.0001; **P < 0.001; ***P < 0.05.

the very old (19, 21, 28, 41). However, we did not confirm
this finding in our series, since the interaction terms of
NFT and neuritic plaques with age groups were not sig-
nificant. In fact, the correlation between AD neuropathol-
ogy and cognitive performance was maintained across age
groups according to a study with 390 subjects from a
dementia center (33).

Although we and others found that infarcts and small
vessel disease (a term encompassing hyaline arterioloscle-
rosis) were related to cognitive impairment in younger
and very old participants (2, 9, 20, 21, 37, 50), it is impor-
tant to note that we found an attenuation in the associa-
tion between infarcts and cognitive impairment in very
old participants that were not previously described (28,
41). Very old participants with infarcts had more than 3
times the odds of cognitive impairment compared to older
participants without infarcts; however the association was
much stronger in younger participants with infarcts that
showed an odds for cognitive impairment of almost 7
times. In order to explore this novel finding in relation
to studies from HIC, we further stratified the analysis by
education attainment. Interestingly, the attenuation between
cognitive impairment and infarcts among very old par-
ticipants remained significant only in the group with low
educational attainment, and it may explain why our results
differ from the other cohorts, which were enriched for
individuals with high educational attainment (11, 35). An
attenuation of the association between cognitive impair-
ment and infarcts in very old individuals with low edu-
cational attainment seems a paradox because a better
cognitive reserve is hypothesized to explain the protective
effects of education into the risk of cognitive decline. It
is possible that these low educated individuals have a
genetic composition conferring them protection against
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Figure 3. Relative frequency of moderate or severe neuropathological
lesion in participants with cognitive impairment (triangle marker) and those
without cognitive impairment (square marker), according to age group
(<80 yo and >80 yo): A. Neurofibrillary tangles (Braak & Braak score > Il);
B. Neuritic plagques (CERAD > B); C. Infarcts; D. Hyaline arteriolosclerosis;
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E. Cerebral amyloid angiopathy; F. Lewy body disease (LBD) (Braak & Braak
LBD > IV); G. Siderocalcinosis; H. Argyrophilic grain disease; |. Hippocampal
sclerosis; J. transactive response DNA-binding protein 43 kDA (TDP-43).
Information for TDP-43 was available in 410 participants. P-values are for the
interaction term between each neuropathological lesions and age group.
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Table 3. Odds ratio of cognitive impairment according to the presence of neuropathological lesions, stratified by age groups (n = 1089).

Age <80 yo (n = 677)

Age >80 yo (n = 412) P-value for interaction

OR (95% CI) OR (95% ClI) with age group!

BB NFT score 0.27

o-11 1 (reference) 1 (reference)

=1V 2.79 (1.56-4.97) 1.50 (0.86-2.63)

V=V 18.19 (6.04-54.80) 4.94 (2.07-11.82)
CERAD score 0.37

None/Scarce 1 (reference) 1 (reference)

Moderate 0.81 (0.43-1.52) 1.41 (0.76-2.61)

Frequent 0.74 (0.36-1.52) 1.10 (0.568-2.09)
Infarcts 6.92 (3.75-12.76) 3.26 (1.66-6.41) 0.04
Hyaline arteriolosclerosis 2.36 (1.29-4.30) 1.86 (1.05-3.29) 0.23
CAA 0.89 (0.31-2.55) 2.29 (0.75-6.92) 0.23
Hippocampal sclerosis 4.49 (0.78-25.95) 1.72 (0.57-5.20) 0.35
Siderocalcinosis 1.81 (1.10-2.99) 1.23(0.70-2.14) 0.26
BB LBD score 0.11

0 1 (reference) 1 (reference)

-~ 1.58 (0.57-4.39) 0.57 (0.23-1.41)

IV=-VI 1.97 (0.78-4.99) 3.50 (1.46-8.39)
AGD 0.56 (0.30-1.04) 0.73 (0.42-1.25) 0.25
TDP-43* 0.95 (0.25-3.63) 7.76 (1.83-32.9) 0.04

Logistic regression, adjusted for sex, race, education and other neuropathological lesions presented in the table.
TP-value for the interaction term between each neuropathological lesion and the age group.

*Information available for 410 participants.

Abbreviations: BB = Braak & Braak; NFT = neurofibrillary tangles; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; CAA = cer-
ebral amyloid angiopathy; LBD = Lewy Body Disease; AGD = argyrophilic grain disease; TDP-43 = transactive response DNA-binding protein 43 kDA.

Sensitivity

0.25

0.75 1.00

0.l50
1-Specificity

A <80 yo: ROC area=0.778 —+—— >=80 yo: ROC area=0.765

Figure 4. Discrimination of the aggregate model with neuropathological
lesions in participants younger than 80 years (gray line with triangle
marker) and 80 years and older (black line with circle marker) using the
area under the Receiving Operator Curve (ROC). The aggregate model

many of the conditions that lower life expectancy. Further
studies are needed to explore this interesting finding. In
addition, TDP-43 was related to higher odds of cognitive

includes neurofibrillary tangles, neuritic plagues, Lewy body disease,
infarcts, hyaline arteriolosclerosis, cerebral amyloid angiopathy,
siderocalcinosis, hippocampal sclerosis and argyrophilic grain disease.

impairment only in very old participants. However, this
novel finding needs to be confirmed in future studies with
our whole sample and independent samples.
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Table 4. Odds ratio of cognitive impairment according to the number of moderate or severe neuropathological lesions in the same individual by

age group (n = 1089).

<80 years old

>80 years old

Cognitive Impairment

Cognitive Impairment

Number of

pathologies No n = 466 Yesn =211 OR (95% Cl) No n = 200 Yesn =212 OR (95% ClI) =

0 64.5 35.2 1.00 (reference) 35.5 20.2 1.00 (reference) 0.048
1 25.3 20.0 1.38 (0.89-2.15) 36.5 19.2 0.82 (0.47-1.43)

2 5.9 28.6 8.57 (5.03-14.59) 17.5 30.3 2.70 (1.52-4.79)

3 or more 4.3 16.2 6.19 (3.32-11.50) 10.5 30.3 4.57 (2.42-8.65)

Logistic regression model adjusted for sex, race and education.

TP-value for the interaction between the number of neuropathological lesions per person and the age group.

Interestingly, we found that siderocalcinosis was associated
with cognitive impairment only in those aged 80 years or
under. Siderocalcinosis is an age-related common neuropatho-
logical finding, and previous work demonstrated a weakly
association at most to cognitive impairment (49). Further
work to understand the role of siderocalcinosis is sought
to clarify these findings. On the other hand, we found a
correlation between cognition and LBD only in the
80 + group. LBD is found in very old participants, includ-
ing centenarians, and has been linked to higher risk of
dementia (34, 46, 50). It is important to note that advanced
LBD lesions were uncommon among younger participants,
and the lack of association between these lesions and cogni-
tive impairment may be related to lack of power. The lack
of association between AG and cognitive impairment in our
community-based neuropathological study is in line with
previous findings (32, 40). In fact, the term disease to define
this neuropathological entity featuring abnormal tau deposits
as argyrophilic grains, coiled bodies and pretangles, pre-
dominantly in the hippocampal formation and other limbic
structures is a misnomer. Further studies examining the
correlation between AG and cognition in other population-
based autopsy studies are necessary to clarify the role of
AG and support a change in nomenclature (21, 22, 41).

When we compared the predictive value of the aggregate
model with all evaluated neuropathological lesions in the
80+ and <80 groups, we found very similar discriminative
values using the area under the ROC curves. On the other
hand, Middleton et al found higher values for the area
under the ROC curve for younger participants than for
older ones [70-74 years: c-statistic = 0.93 (95% CI = 0.89-
0.96); 75-84 years: 091 (0.87-0.95), and >85 years: 0.83
(0.80-0.87)] (28). On the other hand, in a recent study
with 413 individuals, neuropathological lesions were strongly
related to cognitive decline in late life, and this associa-
tion did not vary by age (22).

Multiple pathologies were frequent in very old
participants and were related to cognitive
impairment

We also confirmed the higher frequency of multiple patholo-
gies in the very old found in other American and European
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cohorts, as well as the association between the presence of
multiple pathologies and cognitive impairment (21, 23, 24,
46, 50). However, few studies have investigated whether the
association between multiple pathologies and cognitive
impairment differ among younger and very old adults, using
an interaction term between age group and multiple patholo-
gies (21). AD neuropathological changes plus infarcts and/
or LBD were both related to dementia in participants aged
90 years or under and in those aged 90 years or older, but
the association of mixed Alzheimer’s disease pathology was
attenuated in the oldest participants (21). Although we used
a different cutoff for age (80 years instead of 90), our
findings are in line with those of James et al (21).

Study strength and limitations

Our study should be considered in light of its limitations.
Caution is required when interpreting our results and com-
paring our findings to other studies that evaluated cognitive
performance during the participant life course. Clinical
information was gathered from a next of kin, rather than
in a longitudinal fashion. To minimize biases, we only
included cases with a knowledgeable informant who had,
at least, weekly contact with the deceased. Indeed, 80% of
the informants had daily contact with the deceased. In
previous work, we demonstrated that our approach has good
accuracy for detecting cognitive impairment (12). In addi-
tion, although we collected comprehensive neuropathological
data, we did not have TDP-43 evaluation in our whole
sample. Another possible limitation concerns our criteria
to assess cerebrovascular lesions of interest. Universally
accepted neuropathological criterion for assessing and rating
cerebrovascular lesions that may cause cognitive decline is
yet to be established, and each center has adopted its own
criteria (17, 18, 47). Another potential limitation is that we
classified amyloid plaques as diffuse or neuritic based on
morphological features seen on p-amyloid immunohistochem-
istry, whereas neurofibrillary tangles are classified based on
morphological features seen on phospho-tau immunohisto-
chemistry and were not verified by silver or thioflavin-S
staining. Finally, we did not adjust statistical analyses by
apolipoprotein E (APOE) €4 status since we did not have
APOE measurements for the whole sample. On the other
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hand, our study has several advantages. We were the first
to describe the association between neuropathological lesions
and old age in a large sample from a LMIC with an admixed
race and low level of education (average of 4 years). We
used the information on sex, race and education to adjust
all the analyses. It is important to note that all neuro-
pathological studies so far have been conducted in developed
countries such as the American and European countries,
in individuals with high levels of education, and predomi-
nantly white (15, 23, 24), limiting the generalizability of
the previous findings to developing countries (36).
Additionally, the BAS is a community-based neuropathologi-
cal study with a large proportion of participants with normal
cognition. In contrast, some studies on this topic were based
on convenience samples with most participants already hav-
ing dementia (28), or not representative of the general
population (21, 23). The inclusion of a younger age group
with preclinical disease is an important strength since indi-
vidual below 80 years old were underrepresented in previous
studies (6, 21, 28).

In conclusion, we found that most neuropathological
lesions were more frequent in the very old as in individu-
als from high-income countries. However, as opposed to
other studies, old age did not seem to modify the associa-
tion between neuropathological lesions and cognitive
impairment, except for infarcts, which appeared to have
a weaker association with cognitive impairment in the
very old compared to younger participants.
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Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. Mosaic plot showing the relationship between neu-
ropathological diagnoses (NP) and age groups (Fisher’s exact
test, P <0.0001). AD = Alzheimer disease; LBD = Lewy
body disease; VaD = vascular disease.

Table S1. Odds ratio of dementia (CDR > 1) according to the
presence of neuropathological lesions, stratified by age groups
(n = 1089).
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