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Abstract.
Background: Dementia, vascular disease, and cancer increase with age, enabling complex comorbid interactions. Under-
standing vascular and cancer contributions to dementia risk and neuropathology in oldest-old may improve risk modification
and outcomes.
Objective: Investigate the contributions of vascular factors and cancer to dementia and neuropathology.
Methods: Longitudinal clinicopathologic study of prospectively followed Mayo Clinic participants dying ≥ 95 years-old
who underwent autopsy. Participants were stratified by dementia status and compared according to demographics, vascular
risk factors, cancer, and neuropathology.
Results: Participants (n = 161; 83% female; 99% non-Hispanic whites) ≥ 95 years (95–106 years-old) with/without dementia
did not differ based on demographics. APOE �2 frequency was higher in no dementia (20/72 [28%]) versus dementia (11/88
[12%]; p = 0.03), but APOE �4 frequency did not differ. Coronary artery disease was more frequent in no dementia (31/72
[43%]) versus dementia (23/89 [26%]; p = 0.03) associated with 56% lower dementia odds (odds ratio [OR] = 0.44 [confidence
interval (CI) = 0.19–0.98]; p = 0.04) and fewer neuritic/diffuse plaques. Diabetes had an 8-fold increase in dementia odds
(OR = 8.42 [CI = 1.39–163]; p = 0.02). Diabetes associated with higher cerebrovascular disease (Dickson score; p = 0.05).
Cancer associated with 63% lower dementia odds (OR = 0.37 [CI = 0.17–0.78]; p < 0.01) and lower Braak stage (p = 0.01).
Conclusion: Cancer exposure in the oldest-old was associated with lower odds of dementia and tangle pathology, whereas
history of coronary artery disease was associated with lower odds of dementia and amyloid-� plaque pathology. History
of diabetes mellitus was associated with increased odds of dementia and cerebrovascular disease pathology. Cancer-related
mechanisms and vascular risk factor reduction strategies may alter dementia risk and neuropathology in oldest-old.
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INTRODUCTION

The oldest-old are the fastest growing segment of
the US population, projected to grow from 2.0% in
2020 to 4.8% by 2050 [1]. Aging is a major risk
factor for dementia [2], vascular disease [3, 4], and
cancer [5] that enables complex disease interactions.
An inverse association between dementia and cancer
[6–11] was initially described in an autopsy series in
1962 [6]. Since then, a 45–68% lower risk of cancer
in patients with an amnestic dementia and a 35–50%
lower risk of an amnestic dementia in patients with
cancer were reported [7, 8, 11, 12]. Furthermore,
slower memory decline was reported in patients prior
to and after incident cancer diagnosis compared to
non-cancer patients [13]. The nature of this associa-
tion is complex [9] and may be biased by the presence
of resilience factors (i.e., survival bias), diagnos-
tic delays [14], and vascular risk factors known to
decrease resilience to neurodegenerative pathology
[15, 16].

Understanding the contributions of these factors
to the association between cancer, cognition, and
neuropathology may inform future strategies for
dementia risk modification and improve outcomes.
We studied a prospectively followed Mayo Clinic
series of participants who lived ≥ 95 years-old and
donated their brains for neuropathologic evalua-
tion. By limiting inclusion to autopsied participants
from this age group, we sought to optimize the
expression of potential comorbidities affecting neu-
rodegeneration, permitting the association between
risk-resilience factors and neurodegeneration to be
studied cross-sectionally. We hypothesized that the
presence of vascular comorbidities would be asso-
ciated with worse cognitive outcomes and related
neuropathologic changes, while a history of cancer
would associate with lower odds of dementia and
related neuropathology.

MATERIALS AND METHODS

Standard protocol approvals, registrations, and
patient consents

The Mayo Clinic brain bank of neurodegener-
ative diseases was queried to identify participants
who met the following inclusion criteria: study par-
ticipants from the Alzheimer’s Disease Research
Center (ADRC) or Mayo Clinic Study of Aging
(MCSA) who came to autopsy at ≥ 95 years-old

(95+ series) from July 14, 1998 to January 24,
2020. A flowchart detailing participant inclusion is
provided in Supplementary Figure 1. Relevant clin-
ical and neuropathologic data were extracted from
clinical and research records. The ADRC is a demen-
tia clinic referral-based study and the MCSA is a
population-based prospective study randomly sam-
pled from Olmsted County, MN in an age- and
sex-stratified manner [17]; both follow study par-
ticipants until autopsy. Written informed consent
was obtained from prospectively enrolled individuals
or their legally authorized representatives, permit-
ting collection of clinical details and post-mortem
neuropathologic assessment. The Mayo Clinic Insti-
tutional Review Board approved the ADRC (IRB
712-98) and MCSA (IRB 14-004401) study proto-
cols.

Participants and clinical features

Databased consensus diagnosis of 164 study
participants meeting inclusion criteria were
reviewed and classified according to dementia status
(present/absent). Consensus diagnoses for ADRC
and MCSA were reached after comprehensive evalu-
ation by an expert panel including physicians, nurses,
and neuropsychologists per published criteria [17].
Study participants with dementia were classified
as having an amnestic dementia (n = 61), vascular
dementia (n = 7), Lewy body dementia (n = 5,
including Parkinson’s disease dementia or dementia
with Lewy bodies), or Uncertain dementia (n = 16)
when dementia etiology could not be confidently
determined. Participants without dementia included
those who were cognitively unimpaired or with
mild cognitive impairment and lacked evidence of
dementia documented in clinic or research records
within 3 years of death (Fig. 1). Three participants
without dementia were excluded as their final clinical
evaluation was > 3 years prior to death. The final
95+ series contained n = 161 participants (95–106
years-old; 134/161 females, 83%). Participants with
dementia (n = 89) and without dementia (n = 72) were
stratified and compared according to demographic
variables, including age at death, sex, race, and years
of education. We investigated APOE allele status
focusing on presence of APOE �2 (risk lowering
[18]) and APOE �4 (risk increasing [19]) allele
frequency.

Clinical variables were retrospectively extracted
from available records, including cognition (last
Mini-Mental Status Examination [MMSE]), history
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Fig. 1. Participant Dementia History. Presence of dementia based on consensus diagnoses classified as No dementia (cognitively normal or
having mild cognitive impairment with no evidence of dementia on medical records ≤ 3 years prior to date of death), amnestic, Lewy body
dementia (Parkinson’s disease dementia and dementia with Lewy bodies), and uncertain (dementia type could not be ascribed to known
forms).

of vascular risk factors or comorbidities (cerebrovas-
cular disease, coronary artery disease, hypertension,
heart failure, peripheral vascular disease, diabetes
mellitus, smoking status [1-never smoker, 2-former
smoker, or 3-current smoker; for further risk analy-
sis, categories 2 and 3 were combined as presence
of smoking exposure]), and cancer. Cancer history
was dichotomized into skin cancer and non-skin
cancer [20]. Skin cancers included melanoma and
nonmelanoma skin cancer (basal cell carcinoma,
squamous cell carcinoma). Non-skin cancers com-
prised hematological cancers (leukemia) or solid
tumors, including carcinoma (bladder, breast, bil-
iary, colon, esophagus, gastric, kidney, lung, ovary,
pancreas, prostate, rectum, uroepithelial, and uter-
ine), sarcoma, and metastatic disease. If a participant
had multiple cancers, further sub-analyses prioritized
skin cancer when binning cancer history.

Neuropathologic features

Neuropathologic examination and brain sam-
pling were conducted per CERAD protocol [21].
Fixed brain weight was recorded or calculated
from doubling the hemibrain weight. Standard-
ized evaluation of Alzheimer’s Disease (AD)-

related neuropathology was examined per recom-
mended guidelines [22]. Braak tangle stage [23]
was evaluated using Bielschowsky silver stain and
phospho-tau immunohistochemistry (AT8, 1:7500,
Ser202/Thr205, Thermo Fisher Scientific, Waltham,
MA). Neuritic and diffuse plaques were evaluated
in the cortex using Bielschowsky silver stain and
amyloid-� immunohistochemistry (6F/3D, 1:250,
human A�8-17, Dako, Carpinteria, CA). A semi-
quantitative score for diffuse and neuritic plaques was
recorded using a 4-point system: none, sparse, mod-
erate, and frequent. A subset of AD cases (n = 18)
previously underwent thioflavin-S staining to enable
neurofibrillary tangle counts in hippocampal sub-
sectors (CA1, subiculum) and association cortices
(superior temporal, inferior parietal, middle frontal).
The AD subtyping algorithm was applied to clas-
sify cases as hippocampal sparing, typical, or limbic
predominant [24].

Lewy body pathology was evaluated according to
consensus recommendations [25] using �-synuclein
immunohistochemistry (LB509, 1:100, amino acid
115–122 on alpha-synuclein, Thermo Fisher Scien-
tific, Waltham, MA). TAR DNA-binding protein of
43 kDa (TDP-43) pathology was evaluated for posi-
tivity in the amygdala using the MC2085 antibody
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(1:3000, amino acid 220–227 in C-terminal frag-
ment of cleaved TDP-43, kind gift from Leonard
Petrucelli) [26]. Cases lacking TDP-43 inclusions
were considered negative. Cases with TDP-43-
immunopositive neuronal cytoplasmic inclusions or
perivascular bi-lobed Lin bodies [27] were consid-
ered positive. Cases with TDP-43-immunopositive
structures that did not meet criteria for positiv-
ity were given the designation of “0.5” to indicate
pathology was present, but insufficient for TDP-
43 positivity [28]. Limbic-predominant age-related
TDP-43 encephalopathy (LATE) neuropathologic
change (LATE-NC) in amygdala is thus reported as
negative, rare, or positive [29].

Cerebrovascular disease scales were retrospec-
tively evaluated through abstraction of neuropatho-
logic reports using a score sheet as shown
in Supplementary Tables 1–3. The modified
Kalaria cerebrovascular disease scale (Supplemen-
tary Table 1) evaluates both large and small vessel
disease using hematoxylin and eosin-stained (H&E)
sections of cerebral cortex and basal ganglia [30–32],
as previously described [33]. Observations of ves-
sel wall modifications, dilated perivascular spaces,
white matter loss or infarction, microinfarction, cys-
tic infarction and/or large infarction were used to
inform the Kalaria score for a total of 10 points

[30, 32]. The Strozyk cerebrovascular disease scale
(Supplementary Table 2) evaluates number of large
infarcts and lacunar/cystic infarcts, as well as sever-
ity of white matter disease (including white matter
infarctions) observed on H&E-stained sections for a
total of 6 points [34]. The Dickson Gestalt is tradition-
ally used at the time of neuropathologic evaluation
by D.W.D. to assess significance of cerebrovascu-
lar disease on H&E-stained sections for inclusion
in the neuropathologic diagnosis. The number of
large infarcts, lacunar infarcts, and microinfarcts are
counted for a maximum of 2 points each. An addi-
tional point can be added for moderate-to-severe
white matter loss or white matter infarction observed.
The presence of significant neuronal loss character-
ized as hippocampal sclerosis of a vascular etiology
counts for an additional point. The presence of
severe cerebral amyloid angiopathy evaluated using
Bielschowsky silver stain and/or amyloid-� immuno-
histochemistry qualifies for an additional point. The
Dickson score (Supplementary Table 3) sums each of
the above-mentioned pathologies for a total cumula-
tive score of up to 9 points. Although not applied
in this study, ≥ 2 points was historically used for
inclusion of significant cerebrovascular disease in
the neuropathologic diagnosis. The arteriolosclero-
sis score was retrospectively applied based upon

Table 1
Demographics and clinical variables

Variable No Dementia n = 72 Dementia n = 89 p

Demographics
Age at death, y 98 (96,100) 98 (96,99) 0.81
Females, % 57/72 (79%) 77/89 (86%) 0.30
Race, % 0.58

Non-Hispanic white decedent 71/72 (99%) 88/89 (99%)
Non-Hispanic black decedent 1/72 (1%) 1/89 (1%)

Education, years 15 (12,16) 14 (12,16) 0.08
APOE �2 presence, % 20/72 (28%) 11/88 (12%) 0.03
APOE �4 presence, % 16/72 (22%) 24/88 (27%) 0.58

Last MMSE 27 (24,28) 17 (11,24) <0.001
Vascular risk factors or comorbidities

Cerebrovascular Disease, % 22/72 (31%) 37/89 (42%) 0.20
Coronary Artery Disease, % 31/72 (43%) 23/89 (26%) 0.03
Hypertension, % 59/72 (82%) 63/89 (71%) 0.15
Heart Failure, % 30/72 (42%) 29/89 (33%) 0.31
Peripheral Vascular Disease, % 15/72 (21%) 17/89 (19%) 0.94
Diabetes Mellitus, % 2/72 (3%) 10/89 (11%) 0.08
Smoking status 0.07

Never-smoker, % 43/64 (67%) 59/72 (82%)
Former smoker, % 10/64 (16%) 9/72 (12%)
Current smoker, % 11/64 (17%) 4/72 (6%)
Cancer, % 41/72 (57%) 27/89 (30%) 0.001

Data are presented as median (25th percentile, 75th percentile) or as a proportion. APOE, Apolipoprotein
E; MMSE, Mini-Mental State Examination.
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Table 2
Neuropathologic findings stratified by dementia presence

Variable No Dementia n = 72 Dementia n = 89 p

Brain weight, g 1200 (1120,1280) 1115 (1040,1215) <0.001
Braak stage IV (II,IV) V (IV,V) <0.001
Neuritic plaque score <0.001

None, % 25/72 (35%) 6/89 (7%)
Sparse, % 11/72 (15%) 13/89 (15%)
Moderate, % 21/72 (29%) 37/89 (42%)
Frequent, % 15/72 (21%) 33/89 (37%)

Diffuse plaque score <0.001
None, % 13/64 (20%) 1/85 (1%)
Sparse, % 8/64 (13%) 5/85 (6%)
Moderate, % 14/64 (22%) 18/85 (21%)
Frequent, % 29/64 (45%) 61/85 (72%)

Lewy body pathology 0.73
None, % 55/72 (76%) 65/89 (73%)
Lewy body disease, % 12/72 (17%) 19/89 (21%)
Amygdala predominant Lewy bodies, % 5/72 (7%) 5/89 (6%)

LATE-NC in amygdala <0.001
TDP-43 negative, % 25/54 (46%) 14/63 (22%)
Rare, % 7/54 (13%) 1/63 (2%)
TDP-43 positive, % 22/54 (41%) 48/63 (76%)

Cerebrovascular disease scales
Kalaria score 4 (3, 7) 5 (3, 7) 0.71
Strozyk score 2 (1, 2) 2 (1, 3) 0.51
Dickson score 1 (0, 2) 1 (0, 2) 0.69

Arteriolosclerosis severity 2 (2, 3) 2 (2, 3) 0.748

Data are presented as median (25th percentile, 75th percentile) or proportion. Kruskal-Wallis rank sum
test for numerical and ordered variables, Pearson’s Chi-squared test for categorical variables. g, grams;
TDP-43, TAR DNA-binding protein of 43 kDa; LATE-NC, Limbic predominant age-related TDP-43
neuropathologic change in amygdala.

reported severity: 0 = none, 1 = mild, 2 = moderate,
3 = severe.

Statistical analyses

Statistical analyses and modeling were performed
using R v4.0.3. Non-parametric pair-wise compar-
isons of continuous variables (e.g., age at death, brain
weight) and ordered variables (e.g., Braak stage)
were performed using the Kruskal-Wallis Rank Sum
Test to evaluate differences in median values. The
Pearson’s chi-squared test was used to evaluate dif-
ferences in the proportion of categorical variables
(e.g., sex, APOE genotype). Antemortem variables
implicated as potential contributors to dementia
(p < 0.10 on univariate analyses) were incorporated
within a multivariable logistic regression model
(forced entry: APOE �2, coronary artery disease,
hypertension, diabetes mellitus, smoking, cancer),
quantifying the association between the clinical vari-
ables of interest and the odds of a dementia diagnosis
using likelihood-ratio derived test statistic. Post-
mortem findings were then stratified by presence
of dementia and according to significant variables

obtained from the multivariable logistic regression
model (i.e., cancer, diabetes mellitus, and coro-
nary artery disease). To evaluate contribution of
postmortem neurodegenerative pathologies and cere-
brovascular disease to odds of developing dementia
or amnestic dementia, the likelihood-ratio derived
test statistic was used. Neurodegenerative variables
included Braak stage (0-VI), neuritic plaque score
(0–3), Lewy body disease (0 = none, 1 = brainstem,
2 = transitional, 3 = diffuse), LATE-NC positivity in
amygdala (0 = none, 0.5 = insufficient for positivity,
1 = positive), and Dickson Gestalt score (0–5). Statis-
tical significance was considered for 2-sided p < 0.05.

RESULTS

Participants from the 95+ series were stratified as
having no dementia (72/161 [45%]) versus dementia
(89/161 [55%]) (Table 1). Age at death (98 versus 98;
p = 0.81), sex distribution (female 79% versus 86%;
p = 0.30), and race (99% white versus 99% white;
p = 0.58) did not differ in this primarily non-Hispanic
white series. Years of education did not differ in those
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Table 3
Neuropathologic findings stratified according to history of cancer, diabetes mellitus and coronary artery disease

Variable No Cancer Cancer p No Diabetes Diabetes p No Coronary Coronary Artery p
n = 93 n = 68 Mellitus mellitus Artery Disease

n = 149 n = 12 Disease n = 107 n = 54

Brain weight, g 1120 (1040,1200) 1210 (1100,1300) 0.002 1140 (1060,1260) 1174 (1021,1260) 0.88 1140 (1052,1278) 1140 (1100,1235) 0.70
Braak stage IV (IV,V) IV (III,V) 0.01 IV (III,V) V (IV,V) 0.11 IV (III,V) IV (III,V) 0.22
Neuritic plaques 0.80 0.81 0.03

None,% 16 (17%) 15 (22%) 29 (19%) 2 (17%) 17 (16%) 14 (26%)
Sparse,% 17 (18%) 7 (10%) 22 (15%) 2 (17%) 16 (15%) 8 (15%)
Moderate,% 31 (33%) 27 (40%) 54 (36%) 4 (33%) 36 (34%) 22 (41%)
Frequent,% 29 (31%) 19 (28%) 44 (30%) 4 (33%) 38 (35%) 10 (18%)

Diffuse plaques 0.25 0.24 0.01
None,% 9 (10%) 5 (8.3%) 14 (10%) 0 (0.0%) 5 (5%) 9 (17%)
Sparse,% 4 (4.5%) 9 (15.0%) 12 (9.0%) 1 (8.0%) 9 (9%) 4 (8%)
Moderate,% 19 (21%) 13 (22%) 30 (22%) 2 (17%) 17 (18%) 15 (29%)
Frequent,% 57 (64%) 33 (55%) 81 (59%) 9 (75%) 66 (68%) 24 (46%)

Lewy body 0.50 0.21 0.57
None,% 71 (76%) 49 (72%) 111 (74%) 9 (75%) 78 (73%) 42 (78%)
LBD,% 18 (19%) 13 (19%) 30 (20%) 1 (8%) 23 (21%) 8 (15%)
ALB,% 4 (4.3%) 6 (8.8%) 8 (5%) 2 (17%) 6 (6%) 4 (7%)

LATE-NC 0.10 >0.99 0.08
Negative,% 20 (29%) 19 (40%) 36 (33%) 3 (38%) 24 (30%) 15 (41%)
Rare,% 3 (4%) 5 (10%) 8 (7.0%) 0 (0.0%) 3 (4%) 5 (14%)
Positive,% 46 (67%) 24 (50%) 65 (60%) 5 (62%) 53 (66%) 17 (46%)

Cerebrovascular
Kalaria score 5 (3, 7) 4 (3, 6) 0.11 5 (3, 7) 6 (3, 8) 0.26 4 (3, 7) 5 (3, 7) 0.31
Strozyk score 2 (1, 3) 2 (1, 2) 0.08 2 (1, 3) 3 (2, 3) 0.12 2 (1, 3) 2 (1, 3) 0.16
Dickson score 1 (0, 3) 0 (0, 2) 0.009 1 (0, 2) 2 (1, 3) 0.05 1 (0, 2) 1 (0, 2) 0.05

Arteriolosclerosis 2 (2, 3) 2 (2, 3) 0.685 2 (2, 3) 2 (2, 3) 0.376 2 (2, 3) 2 (2, 3) 0.427

Data are presented as median (25th percentile, 75th percentile) using Kruskal-Wallis rank sum test or proportion using Pearson’s Chi-squared test. g, grams; LBD, Lewy body disease; ALB,
Amygdala predominant Lewy bodies; LATE-NC, Limbic predominant age-related TDP-43 neuropathologic change in amygdala.
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without dementia (median = 15 [interquartile range
12, 16]) compared to those with dementia (14 [12,
16]) (p = 0.08). The presence of APOE �2 allele was
more frequent in participants without dementia (28%)
compared to those with dementia (12%) (p = 0.03),
yet no differences were observed in the frequency of
APOE �4 (22% versus 27%; p = 0.58). Higher MMSE
scores (27 points [24, 28]) were observed in par-
ticipants without dementia compared to those with
dementia (17 [11, 24] points) (p < 0.001).

Vascular risk factors and conditions including cere-
brovascular disease (31% versus 42%; p = 0.20),
hypertension (82% versus 71%; p = 0.15), heart fail-
ure (42% versus 33%; p = 0.31), and peripheral
vascular disease (21% versus 19%; p = 0.94) did not
differ in participants without dementia compared to
those with dementia. Coronary artery disease was
more frequent in participants without dementia com-
pared to those with dementia (43% versus 26%;
p = 0.03). Diabetes mellitus was less frequent in the
no dementia group compared to the dementia group
(3% versus 11%; p = 0.08). Never-smoker partici-
pants were less frequent in the no dementia group
compared to the dementia group (67% versus 82%;
p = 0.07).

As shown in Table 1 and Supplementary Table 4,
cancer was more frequent in participants without
dementia compared to those with dementia (57%
versus 30%; p = 0.001). This observation persisted
when a chi-square analysis was performed comparing
participants without dementia to those with demen-
tia, but further dichotomizing between no cancer
history (43% versus 70%), skin cancer (29% ver-
sus 12%), and non-skin cancer (28% versus 18%)
(p = 0.002). The percentage of participants with a
history of cancer did not differ by dementia type (Sup-

plementary Table 5). When stratifying the dementia
group by smoking exposure, cancer was more fre-
quent in smokers (9/13 [69%]) than non-smokers
(15/59 [25%]; p = 0.007). Among participants with-
out dementia, there was no association between
smoking and cancer.

We next examined the odds of dementia for the
following risk factors and conditions as illustrated in
Fig. 2 – APOE�2, coronary artery disease, hyperten-
sion, diabetes mellitus, smoking, and cancer. After
controlling for all variables in the model, APOE �2,
smoking, and hypertension did not remain signifi-
cantly associated with dementia. After adjustment,
cancer history remained associated with 63% lower
odds of dementia (odds ratio [OR] = 0.37 [confidence
interval (CI) = 0.17–0.78]; p = 0.009). Participants
with diabetes mellitus remained significant and had
a more than 8-fold higher odds of dementia com-
pared to those without diabetes mellitus (OR = 8.42
[CI = 1.39–162]; p = 0.02). Participants with coro-
nary artery disease also remained significant and
had 56% lower odds of dementia compared to
those without coronary artery disease (OR = 0.44
[CI = 0.19–0.98]; p = 0.04). We did not observe an
independent association of dementia with APOE �2,
smoking, or hypertension.

Postmortem findings confirmed that participants
without dementia had higher brain weights (1200 g
[1120,1280]) than those with dementia (1115 g
[1040,1215]) (p < 0.001) (Table 2). Braak staging was
lower in the no dementia group (IV [II,IV]) com-
pared to the dementia group (V [IV,V]; p < 0.001).
Moderate-to-frequent neuritic plaques were observed
less commonly in the no dementia group (50%)
compared to those with dementia (79%; p < 0.001).
Moderate-to-frequent diffuse plaques were also less

Fig. 2. Odds of dementia given exposure to clinical variables. Results of multivariable logistic regression depicting odds of dementia
given exposure to clinical variables including cancer, diabetes mellitus, coronary artery disease, APOE �2, smoking* (including former and
current smoker categories as described in methods), and hypertension. The adjusted odds ratio is provided for each variable to contextualize
independent association after controlling for other variables in the model.



412 C. Lachner et al. / Comorbidity Effects on Dementia Risk in Elderly

commonly observed in the no dementia group (67%)
compared with the dementia group (93%; p < 0.001).
Lewy body pathology, including amygdala pre-
dominant Lewy bodies, was observed at similar
proportions in those without dementia compared to
participants with dementia. The presence of TDP-
43 pathology in the amygdala was less frequently
observed in the no dementia group (41%) compared
to the dementia group (76%; p < 0.001). Cases with-
out dementia were observed to have more frequent
rare TDP-43 immunopositive neurites or glial pathol-
ogy that lacked neuronal cytoplasmic inclusions
(13%) compared to those with dementia (2%). Cere-
brovascular disease including Kalaria score, Strozyk
score Dickson score, and arteriolosclerosis severity
did not differ between groups.

Neuropathologic variables were further modeled
to examine their contribution to the odds of a demen-
tia diagnosis. As expected, Braak stage had a more
than 3-fold higher odds of dementia (OR = 3.07
[CI = 1.80–5.86]; p < 0.001) or an amnestic demen-
tia diagnosis (OR = 3.52 [CI = 1.90,7.66]; p < 0.001)
compared to participants without dementia (Supple-
mentary Figures 1 and 2, respectively). LATE-NC
positivity had a more than 2-fold higher odds of
dementia that approached significance (OR = 2.50
[CI = 0.94–6.73]; p = 0.065) but did not significantly
increase odds of amnestic dementia. Neuritic plaque
score, Lewy body disease, or Dickson Gestalt score
were not found associated with higher odds of demen-
tia or amnestic dementia. Of the cases with available
AD neuropathologic subtyping, there were no (0%)
hippocampal sparing AD, 10/18 (56%) typical AD,
and 8/18 (44%) limbic predominant AD.

Postmortem findings were stratified according to
the presence or absence of cancer, diabetes mellitus,
and coronary artery disease (Table 3). Brain weight
was lower in participants without a history of cancer
(1120 [1040,1200]) compared to those with cancer
(1210 [1100,1300]; p = 0.002). Braak stage was also
higher in participants without a history of cancer (IV
[IV,V] versus IV [III,V]; p = 0.01), as suggested by
the interquartile range. The severity of amyloid-�
plaques, Lewy body pathology, LATE-NC, and arte-
riolosclerosis did not differ regarding cancer history;
however, cerebrovascular disease was higher in those
without history of cancer using the Dickson scoring
method (1 point [0,3] versus 0 [0,2]; p = 0.009). Study
participants stratified by history of diabetes mellitus
did not differ in brain weight, Braak stage, amyloid-
� plaque severity, Lewy body pathology, LATE-NC,
or arteriolosclerosis severity. Cerebrovascular dis-

ease measured using Dickson scoring method was
lower in participants without diabetes mellitus com-
pared to those with a history (1 point [0,2] versus
2 [1,3]; p = 0.05). Study participants stratified by
history of coronary artery disease did not differ in
brain weight, Braak stage, Lewy body pathology,
LATE-NC, cerebrovascular disease, or arterioloscle-
rosis severity. Moderate-to-frequent neuritic plaques
(70% versus 60%; p = 0.03) and moderate-to-
frequent diffuse plaques (86 versus 75%; p = 0.008)
were lower in participants with coronary artery
disease.

DISCUSSION

Cancer, coronary artery disease, and diabetes mel-
litus were associated with odds of dementia in this
95+ series, while APOE �4 allele and other vascu-
lar risk factors or comorbidities known to negatively
affect cognition [16] were not associated with demen-
tia. History of cancer or coronary artery disease was
associated with lower odds of dementia, whereas the
presence of diabetes mellitus was associated with
8-fold higher odds of dementia. Cancer was more
frequent in participants without dementia, supporting
the findings of a recent neuropathology cohort study,
where participants with cancer had lower preva-
lence of AD neuropathology burden [35]. In our
study, this association was independent of cancer type
(non-melanoma skin cancer versus others) replicating
previously reported findings [36, 37]. The association
between cancer and dementia persisted after control-
ling for vascular risk factors and APOE �2.

Underlying causes for the inverse association
between cancer and dementia are not fully under-
stood. Potential mechanisms include shared genes,
dysregulation of common biological pathway sys-
tems involved in growth, cell maintenance and
DNA repair (Supplementary Table 6), metabolic,
mitochondrial, or immune dysfunction, and aging
effects [38, 39]. Genetic correlations from GWAS
studies between the most common form of demen-
tia and cancer suggest gene expression regulators
may have a shared a role in the genetic cause of
these diseases [40]. The effects of aging on the
immune system, innate immune activation, as well as
neuroinflammation were also implicated in neurode-
generation [41, 42]. Interestingly, upregulation of
immune response genes in deceased oldest-old brains
of cognitively normal compared to those with demen-
tia was reported [43], suggesting that an enhanced
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immune response may also contribute to cancer sur-
vival in these patients.

Coronary artery disease was associated with 56%
reduced odds of dementia in this 95+ series, as
well as with a lower burden of neuritic and diffuse
plaques. Our findings differ from previous studies
that reported an association between coronary artery
disease and AD neuropathology [44]. Interestingly
the reported positive association by Beeri and col-
leagues was diminished within the cases lacking an
APOE �4 allele [44]. This may partly explain our
finding, as our 95+ oldest-old had a much lower fre-
quency of APOE �4 carriers (27% in with dementia
group) than the 49% identified in a meta-analysis of
amnestic dementia patients [44, 45]. Other possible
explanations may include that coronary artery dis-
ease may behave as an “inactive” risk factor, where
increased clinical surveillance and treatment effi-
cacy (secondary prevention) decreases coronary and
extracoronary atherosclerosis, decreasing dementia
risk. We also acknowledge that other unmeasured
factors such as resilience to vascular risks or protec-
tive factors [46] in this 95+ series are also possible.
Although hypertension is a major risk factor for
cognitive impairment and dementia [3], we surpris-
ingly did not observe an association with dementia in
this oldest-old series. Hypertension was previously
shown to associate with cerebrovascular disease and
executive dysfunction [47]; however, differences in
contribution based upon mid-life and late-life onset
of hypertension may alter risk. As the most common
vascular comorbidity in the 95+ series, it is possible
that we are observing survival bias in these highly
resilient individuals or observing those who survived
into late-life with well-controlled and treated hyper-
tension possibly reducing brain-negative side-effects.

Diabetes mellitus, another major vascular risk fac-
tor [47], was associated with 8-fold higher odds of
dementia and higher cerebrovascular disease using
Dickson scoring method. These results support neu-
roimaging studies demonstrating an association of
diabetes mellitus with cognitive impairment and sub-
cortical infarctions [47] and a lack of association
with amyloid-� and tau biomarkers [48]; a finding
endorsed by neuropathology studies associating dia-
betes with vascular disease but not AD pathology
[49, 50]. Our findings may emphasize the role of
diabetes mellitus as an “active“ risk factor, espe-
cially when blood sugar regulation is suboptimal,
and metabolic factors contributing to cerebrovascu-
lar disease or other AD neuropathology-independent
factors increasing dementia risk or decreasing

resilience [48, 51]. Independent of cause, diabetes
mellitus remains a modifiable risk factor that, if ade-
quately treated, may reduce dementia risk in the
oldest-old.

APOE �4, a known genetic risk factor [52], was not
associated with dementia in this 95+ series suggest-
ing a less substantial genetic influence, earlier age
of death in APOE �4 carriers with cognitive impair-
ment [53], or other possible protective epigenetic
factors lowering the risk of dementia. Our findings
support the notion of APOE as a timing gene, as
APOE �4 is not thought to affect risk beyond the age
of 85 [54]. Possession of the neuroprotective allele,
APOE �2 [18], was more frequent in the no dementia
group, consistent with the 90+ Study findings [55].
Interestingly, smoking history, an important risk fac-
tor for cancer [56], was associated with cancer in
participants with dementia, but not in those with-
out dementia. Although smoking may increase the
risk of cancer enabling proliferative pathways, the
association does not hold in the no dementia group.
This finding suggests that other potential tumor fac-
tors may contribute to cancer in participants without
dementia or possible resiliency factors decrease the
risk in those without dementia.

Neuropathologic findings in our study support pre-
viously reported lower brain weight, higher Braak
stage, and higher frequency of neuritic and dif-
fuse plaques observed in deceased participants with
dementia [57–60]. We found a higher frequency of
AD neuropathologic changes and LATE-NC (i.e.,
TDP-43 associated with aging) in the dementia group,
even though, a high frequency was also observed in
the no dementia group. Interestingly, the no dementia
group was observed to have rare TDP-43 positive neu-
rites that were insufficient to judge them as TDP-43
positive in the amygdala [28]. Although we can-
not exclude the possibility of neuronal cytoplasmic
inclusions in sections not reviewed by immunohis-
tochemistry, neuropathologists evaluating TDP-43
pathology may consider noting rare immunopositive
lesions [28, 57, 60, 61]. Several hypotheses emerge
from these findings: 1) a passive role may exist for
the abnormal accumulation of these proteins in nor-
mal aging, 2) we are capturing these participants
in early stages of neurodegeneration, or 3) we are
observing the influence of dementia resilience fac-
tors on neuropathology in the 95+ group without
dementia. Interestingly, we found a lower Braak stage
in participants with history of cancer and a lower
burden of neuritic and diffuse plaques in partici-
pants with coronary artery disease. Even though these
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findings support the lower odds for neurodegenera-
tion seen with consensus clinical dementia diagnoses
in participants with cancer and coronary artery dis-
ease, the differences in neuropathology are difficult
to explain and may warrant further research. Despite
the robust increase in dementia odds associated with
diabetes mellitus, neuropathologic findings did not
differ apart from Dickson score for cerebrovascu-
lar disease pathology. Possible explanations include
lower resilience towards neuropathology and demen-
tia, or different metabolic or vascular expressions of
systemic vs. cerebral disease mechanisms.

Several limitations should be acknowledged,
including the inherent bias of autopsy studies that rely
upon willingness of study participants to self-select
to consent to autopsy [62]. Moreover, educational
attainment, marital status, and social determinants of
health may affect who elects to enroll in autopsy pro-
grams and thus may skew generalizability [62–64].
The mechanisms involved in the inverse association
between cancer and lower risk of neurodegenera-
tion are not well understood. It was postulated that
cancer patients or survivors may have a shorter
lifespan decreasing their risk of dementia (survival
bias/competing risk), or that patients with dementia or
cancer may not be appropriately screened for cancer
or dementia respectively, compared to patients with-
out these conditions (surveillance bias). In our study,
cancer survivors lived to age 95+, therefore, their risk
of dementia would not be expected to be lower com-
pared to non-cancer patients. It is also unlikely that
cancer presence was not detected in this series prior to
their death at 95+ or at autopsy. A long-term prospec-
tive study [36] found a lower risk of incident amnestic
dementia in cancer survivors, and a more recent study
[65] explored the risk of dementia prior to, and fol-
lowing a cancer diagnosis, finding that dementia risk
was lower in cancer patients, even prior to their cancer
diagnosis. Such studies, suggest that bias is unlikely
driving this inverse association. We acknowledge that
survival bias is possible in our study, as this is a
highly resilient elder cohort. Moreover, the focused
nature of the 95+ series likely limits generalizability
of results to younger populations. This limitation is
counterbalanced by the optimized expression of risk
and resilience factors in individuals who experienced
a 95+ year lifespan. The oldest-old are unique, as par-
ticipants are assumed to express sufficient resilience
factors to endure genetic, environmental, behavioral,
and illness-related risks allowing them to exceed their
life expectancy at birth (i.e., 47.3 years) [66] by
100%, as well as current life expectancy (i.e., 78.7

years) [67] by at least 20%. Although we did not
observe sex differences between dementia and no
dementia groups, it is worth noting more than 75% of
the overall 95+ autopsy series were women. Our data
supports observations from the 90+ population study
where 78% of participants were women [58]. We also
acknowledge the possibility that more women may
have participated in brain donation studies.

Inclusion of oldest-old brain donor participants
provides a unique opportunity to examine the effects
of aging, vascular risk factors and conditions, as well
as cancer on neurodegeneration. We recognize possi-
ble surveillance bias, as patients with dementia may
not be screened for cancer (even though active cancer
was not documented on autopsy reports), or can-
cer patients may not be screened for dementia as
much as the general population. We appreciate the
importance different cancer types or their respective
treatment effects may have on the risk of dementia,
yet limitations in the data available did not allow
for expanded analyses. The evolving literature in
this area should encourage further studies to bet-
ter address these interactions, which may lead to
potential treatment strategies. We recognize the small
sample size in some of our analyses, warranting cau-
tion in their interpretation due to low statistical power;
including the presence of cancer in different demen-
tia types, the high odds of dementia given diabetes,
and the neuropathologic findings stratified according
to diabetes. We also recognize the exploratory nature
of our study with multiple analysis and acknowledge
that trend statistical significance may therefore not
be significant. Future studies should consider age
of onset to examine mid-life and late-life contribu-
tion of these risk factors and comorbidities toward
optimizing personalized medicine. The present study
further extends observations that older age strongly
influences a limbic predominant distribution of neu-
rofibrillary tangle pathology. Although only a subset
of AD cases was examined, the limbic predominant
AD subtype was observed in 44% of the 95+ AD
series compared to only 13% (age range 50–102) or
14% (age range 37–103) previously reported in indi-
viduals spanning a much younger age range [24, 68].

Conclusion

In this prospectively followed series of participants
who died ≥ 95 years-old and underwent autopsy,
cancer, and coronary artery disease were associ-
ated with lower odds of dementia and lower burden
of tangle and plaque pathology. Diabetes melli-
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tus remained an important modifiable risk factor
associated with dementia odds and a cumulative
neuropathologic measure of cerebrovascular disease,
despite the absence of neurodegenerative differ-
ences in the oldest-old. Genetic and disease-related
mechanisms associated with cancer (proliferative
pathways) and survival (resilience factors) may pro-
tect against neurodegeneration, warranting further
study. Improving our understanding of these risk-
resilience mechanisms may lead to novel strategies
in the prevention and treatment of cancer, vascular
disease, and neurodegeneration.
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[59] Gold G, Bouras C, Kövari E, Canuto A, Glaría BG, Malky
A, Hof PR, Michel JP, Giannakopoulos P (2000) Clinical
validity of Braak neuropathological staging in the oldest-
old. Acta Neuropathol 99, 579-582; discussion 583-574.

[60] Sajjadi SA, Corrada M, Phelan M, Kawas C (2020) TDP-
43 is as important as Alzheimer’s disease neuropathology
in the oldest old. Neurology 94, 1407.

[61] Wilson RS, Yu L, Trojanowski JQ, Chen E-Y, Boyle PA,
Bennett DA, Schneider JA (2013) TDP-43 pathology, cog-
nitive decline, and dementia in old age. JAMA Neurol 70,
1418-1424.

[62] Tsuang D, Simpson KL, Li G, Barnhart RL, Edland SD,
Bowen J, McCormick W, Teri L, Nochlin D, Larson EB,
Thompson ML, Leverenz JB (2005) Evaluation of selec-
tion bias in an incident-based dementia autopsy case series.
Alzheimer Dis Assoc Disord 19, 67-73.

[63] Ighodaro ET, Nelson PT, Kukull WA, Schmitt FA, Abner
EL, Caban-Holt A, Bardach SH, Hord DC, Glover CM,
Jicha GA, Van Eldik LJ, Byrd AX, Fernander A (2017)
Challenges and considerations related to studying dementia
in Blacks/African Americans. J Alzheimers Dis 60, 1-10.

[64] Barnes LL, Shah RC, Aggarwal NT, Bennett DA, Schneider
JA (2012) The Minority Aging Research Study: Ongoing
efforts to obtain brain donation in African Americans with-
out dementia. Curr Alzheimer Res 9, 734-745.

[65] Sun M, Wang Y, Sundquist J, Sundquist K, Ji J (2020) The
association between cancer and dementia: A national cohort
study in Sweden. Front Oncol 10, 73.

[66] Centers for Disease Control and Prevention, Life expectancy
at birth, at 65 years of age, and at 75 years of age, by race
and sex: United States, selected years 1900–2007, https://
www.cdc.gov/nchs/data/hus/2010/022.pdf, Accessed May
12, 2021.

[67] Centers for Disease Control and Prevention, Life
Expectancy 2018, https://www.cdc.gov/nchs/fastats/life-
expectancy.htm, Accessed May 12, 2021.

[68] Hanna Al-Shaikh FS, Duara R, Crook JE, Lesser ER, Schae-
verbeke J, Hinkle KM, Ross OA, Ertekin-Taner N, Pedraza
O, Dickson DW, Graff-Radford NR, Murray ME (2020)
Selective vulnerability of the nucleus basalis of meyn-
ert among neuropathologic subtypes of Alzheimer disease.
JAMA Neurol 77, 225-233.

https://www.cdc.gov/nchs/data/hus/2010/022.pdf
https://www.cdc.gov/nchs/fastats/life-expectancy.htm

