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Abstract

Objective: To investigate sex differences in Alzheimer’s disease (AD) related pathology among autopsy-confirmed
Parkinson’s disease (PD) cases.

Background: AD and PD frequently co-occur in older adults, yet the influence of sex on AD pathology in the context of
PD remains unexplored.

Methods: All subjects were enrolled in the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND) and
Brain and Body Donation Program (BBDP) and had annual standardized research clinical assessments by neuropsychol-
ogists, subspecialty behavioral and movement disorders neurologists, as well as comprehensive neuropathological exam-
inations after death.

Results: Among 230 autopsy-confirmed PD cases, females exhibited greater amyloid plaque pathology burden than
males, regardless of a co-occurring AD diagnosis. Specifically, females with PD had significantly higher mean cortical
total plaque scores (mean 6.5/15 vs. 4.9/15, p=0.045) and greater CERAD neuritic plaque density (mean [.7/3 vs.
1.3/3, p=0.035). Females were also more likely to have a higher cortical plaque burden (plaque total > 5: 56.8% vs.
39.7%, p =0.015). In multivariable logistic regression models, female subjects showed greater than twice the odds of hav-
ing an amyloid plaque burden >5 compared to males (OR = 2.18; 95% Cl=1.17—4.06; p =0.014), when controlling for
ApoE €4 status, Lewy body density score, and age at death.

Conclusions: Female sex is associated with increased amyloid plaque pathology in PD, independent of ApoE €4 status.
These findings highlight a sex-specific vulnerability to AD pathology in PD patients and support the need for sex-informed
approaches to reseach in mixed neurodegenerative disease.

Plain Language Summary

Women with Parkinson’s Disease Dementia have higher rates of Alzheimer’s related brain pathology.
This study explored whether the amount of Alzheimer’s-related brain changes differs between males and females with
Parkinson’s disease. The brains of 230 deceased individuals who had Parkinson’s disease were examined. Throughout
their lives, these people received regular clinical evaluations by neurology specialists and, after their death, autopsies
were performed. The study found that women with Parkinson’s disease Dementia had a higher “burden” of
Alzheimer’s disease-associated amyloid pathology in their brains compared to men with Parkinson’s disease Dementia.
This was true even if they had not been formally diagnosed with Alzheimer’s disease. In conclusion, these findings
show that women with Parkinson’s disease Dementia are more vulnerable to developing Alzheimer’s-like brain changes
than men with Parkinson’s disease Dementia.
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Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
prevalent among neurodegenerative disorders in aging
populations, each contributing uniquely to cognitive and
motor decline. While AD is primarily characterized by
B-amyloid plaques and tau neurofibrillary tangles, PD is
defined by dopaminergic neurodegeneration and the accu-
mulation of a-synuclein aggregates.! These pathologies
often co-occur within the same individuals, particularly in
older adults with PD who subsequently also develop
dementia. Autopsy studies frequently reveal overlapping
AD and PD pathology, suggesting a shared or compound-
ing mechanism of neurodegeneration.” Neuropathological
data from the Arizona Brain and Body Donation Program
(BBDP) indicates that over half of PD dementia cases
exhibit significant comorbid AD pathology, evident by
both amyloid plaque and tau pathology.’

Sex is an essential biological variable in both diseases.
Men are more frequently affected by PD, while women
are more likely to develop AD and may experience faster
cognitive decline with more extensive tau and amyloid
pathology.*~® The mechanisms underlying these sex differ-
ences are complex, potentially involving hormonal and
genetic factors. Despite known disparities in disease preva-
lence and progression, limited research has examined
whether sex influences AD pathology in patients with PD.

In this study, we analyzed clinical, cognitive, and neuro-
pathological data from a large autopsy-confirmed cohort of
PD patients, assessing differences in f-amyloid plaque and
tau pathology burden, in relation to ApoE genotype,
between males and females. This analysis aims to determine
whether the well-documented pattern of increased AD path-
ology in women persists even in the context of comorbid
PD, which could enhance clinical awareness and inform
more nuanced models of disease progression.

Materials and methods

Research subjects

Approval of this study was obtained from the Institutional
Review Boards (IRB) of Banner Sun Health Research
Institute. Participants provided informed consent and were
enrolled in the AZSAND/BBDP at Banner Sun Health
Research Institute (www.brainandbodydonationprogram.
org).”’ Recruitment primarily targeted independently
living retirees in Maricopa County, Arizona, particularly
the Sun Cities, resulting in a predominantly Caucasian,
middle to high income demographic. Along with

neurological controls, individuals with dementia and par-
kinsonism were also recruited.

Clinical assessments

Research-dedicated physical, neurological, cognitive, and
movement examinations have been previously detailed.>’
Participants underwent at least one research visit; with
most completing several annual visits. Standardized neuro-
psychological test batteries covered global assessments and
specific cognitive domains.> Subspecialist cognitive-
behavioral neurologists perform comprehensive evaluations
leading to a cognitive diagnosis at the consensus conference
involving neuropsychologists, neurologists and cognitive
neurology subspecialists. All participants receive annual
standardized movement disorders examination, including
the Unified Parkinson’s Disease Rating Scale (UPDRS, ori-
ginal version) and a clinical diagnosis by movement disor-
ders fellowship-trained neurologists (EDD, CHA, SHM,
HAS). Assessment of smell, sleep, and autonomic function
along with medical comorbidities were conducted as previ-
ously published.? This study examined clinical diagnoses
from the first and last examination visits, as well as the
final clinical diagnosis which is made after death at a con-
sensus conference, by review of all prior clinical assess-
ments as well as review of the private medical records,
prior to availability of the neuropathological examination
results.

Case selection

Subjects included in this study had completed neuropatho-
logical examinations between 2008 and 2023, with at least
one complete set of AZSAND/BBDP clinical assessments,
including a final clinical diagnosis (considering all available
clinical data before autopsy results) and a final clinicopatho-
logical diagnosis (with autopsy results considered).

Tissue processing and neuropathologic diagnosis

Autopsies were conducted by AZSAND/BBDP. Both clin-
ical and neuropathological methods have previously been
published.>” The same neuropathologist (TGB), blinded
to clinical findings, conducted all neuropathological exam-
inations. A clinicopathological diagnosis of PD required
two or more cardinal clinical signs, as well as Lewy
bodies and pigmented neuron loss in the substantia nigra.®
Dementia with Lewy bodies (DLB) was distinguished
from PD with dementia according to consensus criteria
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published by the DLB Consortium’; the diagnosis of DLB
was assigned if dementia was diagnosed prior to or within
one year of the onset of parkinsonism and if the distribution
and density of Lewy body (LB)-type pathology met “inter-
mediate” or “high” criteria. Subjects with LB-related histo-
pathology were classified according to the Unified Staging
System for Lewy Body Disorders (USSLB).'%!
Neuropathological AD diagnoses were defined using the
criteria according to the National Institute on Aging —
Alzheimer’s Association (NIA-AA) combined with a
history of clinical dementia.'> Formaldehyde-fixed
paraffin-embedded sections were stained with hematoxylin
and eosin (H & E) and immunohistochemical stains for
phosphorylated  a-synuclein and  phosphorylated
TDP-43.%7 Large-format, formaldehyde-fixed sections
(40-80 um-thick) were also stained with H & E, as well
as with methods targeting amyloid plaques and neurofibril-
lary tangles, including Gallyas silver, Thioflavin-S and
Campbell-Switzer silver stains.”>’ The dataset further
included summary regional brain density measures for
total amyloid plaques and neurofibrillary (NF) tangles (for
both: summary score of 5 regional semi-quantitative 0-3
density scores for a maximum possible total of 15 in
frontal, temporal and parietal lobes plus hippocampal
CA1 and entorhinal/transentorhinal area), and assignment
of the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) neuritic plaque density, Braak neurofib-
rillary stage, and AD neuropathological change levels of
Low, Intermediate or High, as described previously.>'?

Statistical analysis

The analyses utilized SAS statistical software (Version 9.4
SAS Institute Inc., Cary, NC) and Sigma Plot 12.0 (Systat
Software, Inc., San Jose, CA, USA). Group comparisons
used the Kruskal-Wallis test, Chi-square test or Fisher’s
exact test as appropriate. Multivariable logistic regression
was used to further assess the sex association with greater
presence of plaque burden after adjusting for potential con-
founders (age at death and ApoE status). For all tests, 0.05
was chosen as the criterion for statistical significance.

Results

We analyzed 230 autopsy-confirmed PD cases (74 females,
156 males), comparing clinical and pathological character-
istics by sex. There were no significant sex differences in
PD symptom onset age, disease duration, Hoehn & Yahr
stage, or UPDRS scores. Age at death was also similar
between groups (mean 81.8+6.7 years in females vs.
80.4 + 7.0 years in males; p =0.094), as was the proportion
with a coexistent diagnosis of Alzheimer’s disease (32.4%
in females vs. 30.1% in males; p=0.724). In contrast,
males had a significantly higher prevalence of REM sleep
behavior disorder (RBD) compared to females (66.9% vs.

42.9%; p=0.043). Olfactory function, assessed using the
University of Pennsylvania Smell Identification Test
(UPSIT), was significantly better in females (mean 16.0 +
5.2) than in males (13.0+4.8; p=0.002), although both
groups demonstrated overall olfactory impairment.
Additionally, years of education differed by sex, with
males having completed more years of schooling than
females (15.9+2.8 vs. 14.7+2.6 years; p=0.003)
(Table 1).

Comorbid variables. Rates of comorbid hypertension, dia-
betes, obesity, depression, anxiety, and hyperlipidemia
were similar between groups, although males had higher
rates of sleep apnea (21.2% vs. 2.7%; p<0.001), smoking
(52.6% vs. 18.9%, p<0.001), and alcohol consumption
(66.0% vs. 47.3%, p=0.007). Rates of minor traumatic
brain injury were similar between groups (33.8% females
vs. 34.6% males; p=0.901) and family histories of demen-
tia or parkinsonism were also not statistically significant.
[Table 2].

Cognitive function. No statistically significant sex differences
were observed in cognitive test scores or dementia diagno-
sis rates; except on the AVLT total learning score; females
scored higher compared to males (30.9 +12.2 vs. 24.4 +
10.2, p=0.003). MMSE scores were equivalent (22.7 +
6.9 in females vs. 22.0 + 6.3 in males; p =0.190). At final
clinical evaluation, 55.4% of female subjects and 68.6%
of male subjects had a dementia diagnosis, a difference
that was not significant (p=0.089). Similarly rates of
MCI were not statistically different (13.5% females vs.
12.8% males; p=0.089). [Table 3].

Alzheimer’s disease and Lewy body pathology. Female sub-
jects had significantly greater amyloid plaque burdens
than male subjects. Figure 1 provides an example of
amyloid plaque density. The mean total plaque score was
higher in females (6.5/15+5.4) than in males (4.9/15 +
5.5; p=0.045). A larger proportion of females also met cri-
teria for a dichotomously higher plaque burden (plaque total
> 5:56.8% vs. 39.7%, p=0.015). CERAD neuritic plaque
density was also significantly higher in female subjects
(mean 1.7/3+1.2 vs. 1.3/3 £1.2; p=0.035), with more
females classified as having frequent neuritic plaques
(37.8% vs. 26.3%). The Thal amyloid phase was signifi-
cantly different between the two groups (mean 2.0 (1.5)
vs. 1.6 (1.5), p=0.034). In line with higher Thal phases,
females were more likely than males to have amyloid
plaques in the striatum, substantia nigra and cerebellar
cortex. In contrast, tau pathology did not differ significantly
between sexes. Total tangle burden was similar between
females and males (5.7/15+3.0 in females vs. 5.1/15 +
2.4 in males; p=0.353), and Braak neurofibillary stage
did not differ by sex (p =0.459). Likewise, there were no
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Table 1. Clinical characteristics.

Sex

Female(N =74) Male(N = 156) Total(N =230) P-value
Death Age (y) 0.094*
N (Missing) 74 (0) 156 (0) 230 (0)
Mean (SD) 81.8 (6.7) 80.3 (7.0) 80.8 (6.9)
Median (IQR) 82 (79, 86) 81 (76, 85) 81 (76, 85)
Range 65.0, 97.9 60.5, 101.6 60.5, 101.6
PD Symptom Onset Age (y) 0.749*
N (Missing) 73 (1) 148 (8) 221 (9)
Mean (SD) 66.7 (10.8) 66.2 (11.2) 66.4 (11.1)
Median (IQR) 68 (61, 74) 67 (59, 73) 68 (60, 73)
Range 385, 87.7 373,955 37.3,95.5
PD Symptom Disease Duration (years) 0.320°
N (Missing) 73 (1) 148 (8) 221 (9)
Mean (SD) 15.0 (7.2) 14.1 (7.3) 14.4 (7.3)
Median (IQR) 15 (10, 19) 13 (9, 19) 14 (9, 19)
Range 1.6, 32.6 0.5, 44.5 0.5, 44.5
UPDRS Il Total Off 0.992°
N (Missing) 64 (10) 121 (35) 185 (45)
Mean (SD) 20.5 (10.1) 20.7 (8.9) 20.7 (9.3)
Median (IQR) 20 (12, 29) 21 (15, 26) 21 (14, 27)
Range 1.0, 40.0 0.0, 42.0 0.0, 42.0
UPDRS Il Total Off 0.995°
N (Missing) 51 (23) 102 (54) 153 (77)
Mean (SD) 41.7 (21.7) 42.0 (16.7) 41.9 (18.5)
Median (IQR) 45 (23, 60) 42 (31, 53) 42 (28, 54)
Range 2.0, 78.0 1.0, 82.0 1.0, 82.0
Hoehn & Yahr 0.422*
N (Missing) 71 (3) 148 (8) 219 (1)
Mean (SD) 3.5(1.2) 34 (1.1) 34 (1.1)
Median (IQR) 33,4 33,4 33,4
Range 0.0, 5.0 0.0, 5.0 0.0, 5.0
Education (y) 0.003*
N (Missing) 68 (6) 142 (14) 210 (20)
Mean (SD) 14.7 (2.6) 15.9 (2.8) 15.5 (2.8)
Median (IQR) 15 (12, 16) 16 (14, 18) 16 (13, 18)
Range 10.0, 20.0 8.0, 24.0 8.0, 24.0
UPSIT (0-40) 0.002*
N (Missing) 34 (40) 88 (68) 122 (108)
Mean (SD) 16.0 (5.2) 13.0 (4.8) 13.8 (5.1)
Median (IQR) 16 (12, 19) 12 (10, 16) 13 (10, 17)
Range 7.0,27.0 5.0, 30.0 5.0, 30.0
SCOPA-Aut Total (0-100) 0.053*
N (Missing) 44 (30) 92 (64) 136 (94)
Mean (SD) 27.0 (11.8) 31.7 (12.6) 30.2 (12.5)
Median (IQR) 27 (19, 34) 31 (22, 39) 30 (20, 36)
Range 6.3, 55.0 7.2, 685 6.3, 68.5
RBD, n (%) 0.043°
N (Missing) 60 (14) 133 (23) 193 (37)
Questionnaire 14 (23.3%) 41 (30.8%) 55 (28.5%)
History 12 (20.0%) 45 (33.8%) 57 (29.5%)
RLS, n (%) 0.983°
N (Missing) 74 (0) 155 (1) 229 (1)
Yes 19 (25.7%) 40 (25.8%) 59 (25.8%)

*Kruskal-Wallis p-value; bChi-Square p value.

PD: Parkinson’s disease, UPDRS: Unified Parkinson’s Disease Rating Scale, UPSIT: University of Pennsylvania Smell Identification Test, SCOPA-AUT: Scales
for Outcomes in Parkinson’s Disease-Autonomic, RBD: REM Sleep Behavior Disorder, RLS: Restless Legs Syndrome.
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Table 2. Comorbidities and family history.
Sex
Female(N =74) Male(N = 156) Total(N =230) P-value
Hypertension, n (%) 0.132%
49 (66.2%) 87 (55.8%) 136 (59.1%)
Diabetes, n (%) 0.242*
8 (10.8%) 26 (16.7%) 34 (14.8%)
Hyperlipidemia, n (%) 0.951*
40 (54.1%) 85 (54.5%) 125 (54.3%)
Obesity, n (%) 0.402°
12 (16.2%) 19 (12.2%) 31 (13.5%)
Traumatic Head Injury, n (%) 0.901*
25 (33.8%) 54 (34.6%) 79 (34.3%)
Depression, n (%) 0.123°
51 (68.9%) 91 (58.3%) 142 (61.7%)
Anxiety or Panic Disorder, n (%) 0.432°
32 (43.2%) 59 (37.8%) 91 (39.6%)
Sleep Apnea, n (%) <.001*
2 (2.7%) 33 (21.2%) 35 (15.2%)
Smoking, n (%) <.001*
14 (18.9%) 82 (52.6%) 96 (41.7%)
Alcohol use, n (%) 0.007*
35 (47.3%) 103 (66.0%) 138 (60.0%)
Family history of Dementia, n (%) 0.331°
N (Missing) 67 (7) 144 (12) 211 (19)
No 62 (92.5%) 138 (95.8%) 200 (94.8%)
Yes 5 (7.5%) 6 (4.2%) 11 (5.2%)
Family history of PD, n (%) 1.000°
N (Missing) 67 (7) 144 (12) 211 (19)
No 60 (89.6%) 130 (90.3%) 190 (90.0%)
Yes 7 (10.4%) 14 (9.7%) 21 (10.0%)

?Chi-Square p-value; ®Fisher Exact p-value.
PD: Parkinson’s disease.

significant sex differences in Unified Lewy body stage or
overall Lewy body density (Table 3).

Subgroup analyses by cognitive Status. In the PD subgroup
without dementia (cognitively normal or MCI; n=82), no
significant sex differences were observed in Lewy body
stage, Braak stage, plaque burden, or other neuropathologic
measures (Supplemental Table 1). In contrast, among sub-
jects with Parkinson’s disease dementia (PDD; n=148),
several sex differences emerged (Supplemental Table 2).
Females demonstrated greater Lewy body density (31.0 +
6.7 vs. 28.8+6.2; p=0.030). Notably, Alzheimer’s
disease-related pathology was significantly more pro-
nounced in females with PDD. Females had higher total
plaque burden (7.6+5.6 vs. 5.5+5.6; p=0.028), were
more likely to meet criteria for elevated plaque burden
(plaque total >5: 63.4% vs. 43.9%; p=0.034), and had
higher CERAD neuritic plaque density (1.9+1.2 vs. 1.4
+ 1.2; p=0.018). Thal amyloid phase was also significantly
higher in females (2.4 + 1.4 vs. 1.7+ 1.5; p=0.019), with a
greater proportion of females in higher Thal phase

groupings (p=0.020). In contrast, tangle burden and
Braak stage did not differ significantly between sexes.

Multivariable analysis of plaque burden. Implementing ROC
analysis, the final pathology diagnosis of AD was used as
the outcome to find the optimal cut-off of total plaque
score to differentiate AD vs. non-AD. From this a plaque
score of >=5 was chosen as the optimal cut-off for AD diag-
nosis. In multivariable logistic regression models adjusting
for age at death, ApoE €4 status, and Lewy body density
score, female sex was associated with more than a
two-fold increase in the odds of having elevated plaque
burden (plaque total > 5) compared to males (OR 2.18,
95% CI 1.17-4.06; p=0.014). The presence of an ApoE
€4 allele was a strong independent predictor of higher
plaque burden (OR 6.79, 95% CI 3.25-14.19; p<0.001),
while increasing age at death was also associated with
greater plaque burden (OR 1.05 per year, 95% CI 1.00-
1.10; p=0.032) (Table 4). An interaction term between
sex and Lewy body density score was initially included to
assess potential effect modification but was not statistically
significant (p =0.086) and was therefore removed from the
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Table 3. Cognitive function and pathology.

Sex

Female(N =74) Male(N = 156) Total(N =230) P-value
Final Dx: Alzheimer’s disease (AD), n(%) 0.724°
Yes 24 (32.4%) 47 (30.1%) 71 (30.9%)
Final Dx: Cognitive Status, n (%) 0.08%9*
NL 23 (31.1%) 29 (18.6%) 52 (22.6%)
MCI 10 (13.5%) 20 (12.8%) 30 (13.0%)
DEM 41 (55.4%) 107 (68.6%) 148 (64.3%)
CAS MMSE 0.190°
N (Missing) 64 (10) 130 (26) 194 (36)
Mean (SD) 22.7 (6.9) 22.0 (6.3) 22.2 (6.5)
Median (IQR) 25 (20, 28) 24 (19, 26) 24 (19, 27)
Range 0.0, 30.0 0.0, 30.0 0.0, 30.0
MMSE score 5 or less, n (%) 0.398°
Missing 10 26 36
No 61 (95.3%) 127 (97.7%) 188 (96.9%)
Yes 3 (4.7%) 3 (2.3%) 6 (3.1%)
Clinical Dementia Rating (CDR) 0.076°
N (Missing) 49 (25) 104 (52) 153 (77)
Mean (SD) 0.9 (1.0) 1.1 (0.9) 1.0 (0.9)
Median (IQR) 1, 1) I (l,2) (1, 2)
Range 0.0, 3.0 0.0, 3.0 0.0, 3.0
MoCA 0.154°
N (Missing) 20 (54) 50 (106) 70 (160)
Mean (SD) 20.6 (5.9) 19.3 (13.3) 19.7 (11.6)
Median (IQR) 20 (17, 26) 20 (13, 23) 20 (14, 24)
Range 6.0, 29.0 4.0, 99.0 4.0, 99.0
AVLT Total Learning 0.003°
N (Missing) 55 (19) 110 (46) 165 (65)
Mean (SD) 30.9 (12.2) 244 (10.2) 26.6 (11.3)
Median (IQR) 30 (20, 39) 23 (17, 32) 27 (19, 34)
Range 9.0, 62.0 0.0, 48.0 0.0, 62.0
Unified LB Stage, n (%) 0.743*
2.1 4 (5.4%) 9 (5.8%) 13 (5.7%)
22 3 (4.1%) 3 (1.9%) 6 (2.6%)
3 26 (35.1%) 62 (39.7%) 88 (38.3%)
4 41 (55.4%) 82 (52.6%) 123 (53.5%)
Braak Stage (0-6) 0.937°
N (Missing) 74 (0) 155 (1) 229 (1)
Mean (SD) 3.3(1.0) 3.2 (1.0) 3.3 (1.0)
Median (IQR) 33,4 33,4 33,4
Range 1.0, 6.0 0.0, 5.0 0.0, 6.0
Braak Stage (0-6), n (%) 0.468°
Missing 0 | |
0 0 (0.0%) | (0.6%) | (0.4%)
| 3 (4.1%) 10 (6.5%) 13 (5.7%)
2 11 (14.9%) 20 (12.9%) 31 (13.5%)
3 28 (37.8%) 51 (32.9%) 79 (34.5%)
4 25 (33.8%) 66 (42.6%) 91 (39.7%)
5 6 (8.1%) 7 (4.5%) 13 (5.7%)
6 1 (1.4%) 0 (0.0%) | (0.4%)
Sum LB Density 0.107°
N (Missing) 62 (12) 142 (14) 204 (26)
Mean (SD) 289 (7.1) 27.5 (6.7) 27.9 (6.8)
Median (IQR) 30 (23, 35) 29 (23, 33) 29 (23, 33)
Range 5.0, 39.0 7.0, 40.0 5.0, 40.0
Plaque Density, n (%) 0.141%
frequent 28 (37.8%) 41 (26.3%) 69 (30.0%)

(continued)
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Table 3. Continued.

Sex

Female(N =74) Male(N = 156) Total(N =230) P-value
moderate 12 (16.2%) 27 (17.3%) 39 (17.0%)
sparse 15 (20.3%) 26 (16.7%) 41 (17.8%)
zero 19 (25.7%) 62 (39.7%) 81 (35.2%)
Plaque Total 0.045°
N (Missing) 74 (0) 156 (0) 230 (0)
Mean (SD) 6.5 (5.4) 4.9 (5.5) 5.4 (5.5)
Median (IQR) 7 (0, 12) 20, I1) 3 (0, 12)
Range 0.0, 15.0 0.0, 15.0 0.0, 15.0
Total Plaque >= 5, n (%) 0.015%
Yes 42 (56.8%) 62 (39.7%) 104 (45.2%)
Tangle Total 0.353°
N (Missing) 74 (0) 153 (3) 227 (3)
Mean (SD) 5.7 (3.0) 5.1 (2.4) 5.3 (2.6)
Median (IQR) 64,7 5@3,7 64,7
Range 0.5, 14.5 0.0, 1.5 0.0, 14.5
CERAD Neuritic Plaque Density 0.035°
N (Missing) 74 (0) 156 (0) 230 (0)
Mean (SD) 1.7 (1.2) 1.3 (1.2) 1.4 (1.2)
Median (IQR) 2 (0, 3) 1 (0, 3) I (0, 3)
Range 0.0, 3.0 0.0, 3.0 0.0, 3.0
CERAD Neuritic Plaque Density, n (%) 0.1417
0 19 (25.7%) 62 (39.7%) 81 (35.2%)
| 15 (20.3%) 26 (16.7%) 41 (17.8%)
2 12 (16.2%) 27 (17.3%) 39 (17.0%)
3 28 (37.8%) 41 (26.3%) 69 (30.0%)
Thal Phase, n (%) 0.034°
N (Missing) 73 (1) 155 (1) 228 (2)
Mean (SD) 2.0 (1.5) 1.6 (1.5) 1.7 (1.5)
Median (IQR) 2(0,3) 1 (0, 3) 2(0,3)
Range 0.0, 5.0 0.0, 5.0 0.0, 5.0
Thal Phase, n (%) 0.160”
Missing I | 2
Phase 0 (A0) 19 (26.0%) 61 (39.4%) 80 (35.1%)
Phase | (Al) 5 (6.8%) 18 (11.6%) 23 (10.1%)
Phase 2 (Al) 14 (19.2%) 22 (14.2%) 36 (15.8%)
Phase 3 (A2) 28 (38.4%) 39 (25.2%) 67 (29.4%)
Phase 4 (A3) 4 (5.5%) 11 (7.1%) 15 (6.6%)
Phase 5 (A3) 3 (4.1%) 4 (2.6%) 7 (3.1%)
Thal Phase Group, n (%) 0.058°
Missing I | 2
Phase 0/1/2 (AO/AI) 38 (52.1%) 101 (65.2%) 139 (61.0%)
Phase 3/4/5 (A2/A3) 35 (47.9%) 54 (34.8%) 89 (39.0%)
TDP-43, n (%) 0.668”
Missing 29 60 89
no 24 (53.3%) 51 (53.1%) 75 (53.2%)
undx 15 (33.3%) 27 (28.1%) 42 (29.8%)
yes 6 (13.3%) 18 (18.8%) 24 (17.0%)
ApoE e4 Copies, n (%) 0.939¢
Missing 3 10 13
0 53 (74.6%) 110 (75.3%) 163 (75.1%)
| 17 (23.9%) 35 (24.0%) 52 (24.0%)
2 I (1.4%) 1 (0.7%) 2 (0.9%)

IChi-Square p-value; PK ruskal-Wallis p-value; “Fisher Exact p-value.
MMSE: Mini-Mental Status Examination, MoCA: Montreal Cognitive Assessment, AVLT: Auditory Verbal Learning Test, LB: Lewy Body,
CERAD: The Consortium to Establish a Registry for Alzheimer’s Disease.
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Figure |. Photomicrographs illustrating the semi-quantitative scale for amyloid plaque density. Sections of superior frontal gyrus
stained with the Campbell-Switzer silver method. A =None; B = Sparse; C =Moderate; D = Frequent. Scale bar in A (80 um) serves for

all panels.

Table 4. Greater Alzheimer’s disease (AD) plaque burden in females.

Variable Level OR (95% Cl) P value
Sex Female vs. Male 2.10 (1.04, 4.22) 0.038
Death Age Every one unit increase 1.06 (1.01, I.11) 0.027
ApoE e4 Yes vs. No 5.66 (2.55, 12.57) <.001
Sum of Lewy body density score Every one unit increase 1.10 (1.04, 1.16) <.001

Implementing ROC analysis, the final pathology diagnosis of AD was used as the outcome to find the optimal cut-off of total plaque score to differentiate
AD vs. non-AD. From this a plaque score of >=5 was chosen as the optimal cut-off for AD diagnosis.

final model. In the adjusted model, female sex remained
independently associated with increased odds of elevated
AD plaque burden (OR 2.10, 95% CI 1.04-4.22; p=0.038),
confirming the robustness of this association after accounting
for Lewy body pathology.

Discussion

This autopsy-based study of individuals with Parkinson’s
disease, found no sex differences in clinical features, demo-
graphics, or comorbidities. However, female subjects
exhibited significantly greater AD-related pathology, par-
ticularly amyloid plaque burden. This was observed
across multiple measures including total plaque score,
CERAD neuritic plaque density, and Thal amyloid phase.
These differences were robust and remained significant
after adjustment for age, ApoE €4 status, and Lewy body
density. Importantly, this increased plaque burden in
females was not accompanied by differences in tau path-
ology, as measured by tangle burden and Braak stage. This
suggests that sex differences in PD may be driven more by
amyloid-related processes than by tau pathology, at least
within this cohort. The multivariable analysis further
strengthens this conclusion. Female sex was independently
associated with approximately a two-fold increased odds of
elevated plaque burden, even after controlling for major con-
tributors such as ApoE e4 genotype and age. While ApoE e4
was the strongest predictor of plaque burden overall, the per-
sistence of a sex effect suggests additional biological
mechanisms beyond known genetic risk factors.

An important finding of this study is that sex differences
appear to be stage-dependent, emerging primarily in the
context of PDD rather than earlier disease stages. Among
PD subjects without dementia (cognitively normal or
MCI), there were no significant sex differences in Lewy
body stage, Braak stage, amyloid plaque burden, or other
neuropathologic measures. In contrast, among subjects
with PDD, females demonstrated greater Lewy body
density and, more prominently, significantly higher
AD-related amyloid pathology. These findings suggest
that sex-related vulnerability to amyloid pathology may
play a key role in the development of dementia in PD,
rather than influencing early disease processes. This inter-
pretation is consistent with the broader literature indicating
that mixed pathologies, particularly AD co-pathology, are
major determinants of cognitive impairment in PD.> The
observation of higher Lewy body density in females with
PDD further suggests that the interaction between synuclein
and amyloid pathology may be particularly relevant in this
group. While Lewy body pathology alone is a key driver of
PD, the combination of increased synuclein burden and
greater amyloid deposition in females may produce a cumu-
lative or synergistic effect on cognitive decline. These find-
ings suggest that women may be more susceptible to
amyloid-driven pathology in the context of PD, echoing
patterns observed in clinically diagnosed AD populations.”*

Global cognitive performance and rates of dementia did
not differ significantly between sexes, despite females dem-
onstrating a superior performance on measures of verbal
learning (AVLT). The absence of sex-based differences in
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tau pathology may partly explain the lack of differences in
overall cognitive impairment, given the well-established
relationship between neurofibrillary tangles and cognitive
decline. In AD, higher neuritic plaque densities are also
associated with greater cognitive impairment; however,
this relationship appeared less pronounced in females with
PD in our cohort. This attenuation may reflect the relatively
small sample size and will require further study.
Alternatively, these findings may suggest a degree of rela-
tive cognitive resilience in females, potentially reflecting
sex-related cognitive reserve or compensatory mechanisms.
Similar observations have been reported in AD, where
females may tolerate a greater burden of neuropathology
before exhibiting clinical symptoms.°

Strengths of this study include a well-characterized
autopsy cohort with comprehensive neuropathological
assessments and detailed clinical data, allowing for robust
comparisons by sex and cognitive status. Limitations
include the relatively modest sample size for subgroup ana-
lyses and the inability to account for unmeasured factors
that may contribute to observed sex differences.

In summary, this study demonstrates that female sex is
independently associated with greater AD-related path-
ology in PD, particularly in the context of dementia.
While clinical features are largely similar between sexes,
underlying neuropathological differences suggest that
females may experience a distinct disease trajectory charac-
terized by increased amyloid burden. These findings under-
score the importance of considering sex as a biological
variable in PD research and highlight the need to account
for mixed pathologies in both clinical practice and thera-
peutic development.
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