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Abstract

Objective
To examine whether indices of Parkinson disease (PD) pathology and other brain pathologies
are associated with the progression of parkinsonism in older adults.

Methods

We used data from decedents who had undergone annual clinical testing prior to death and
structured brain autopsy. Parkinsonism was based on assessment with a modified Unified
Parkinson’s Disease Rating Scale and a clinical diagnosis of PD was based on medical history.
We used a series of mixed-effects models controlling for age and sex to investigate the asso-
ciation of PD pathology (nigral neuronal loss and Lewy bodies) and indices of 8 other brain
pathologies with the progression of parkinsonism prior to death.

Results

During an average of 8.5 years’ follow-up, more than half (771/1,430, 53.9%) developed
parkinsonism proximate to death. On average, parkinsonism was progressive (estimate 0.130,
SE 0.005, p < 0.001) in all older adults, but more rapid in adults with a clinical diagnosis of PD
(n = 52; 3.6%) (estimate 0.066, SE 0.021, p < 0.001). Progression of parkinsonism was more
rapid in adults with PD pathology (estimate 0.087, SE 0.013, p < 0.001). Alzheimer disease and
several cerebrovascular pathologies were all independently associated with more rapid pro-
gression (all p values <0.05). The association between a higher person-specific weighted
pathology score and more rapidly progressive parkinsonism did not differ between individuals
with and without a clinical diagnosis of PD (estimate 0.003, SE 0.047, p = 0.957).

Conclusion
The rate of progressive parkinsonism in older adults with and without a clinical diagnosis of PD
is related to the burden of mixed brain pathologies.
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Glossary

AD = Alzheimer disease; CAA = cerebral amyloid angiopathy; MAP = Memory and Aging Project; MARS = Minority Aging
Research Study; PD = Parkinson disease; ROS = Religious Orders Study; TDP-43 = TAR DNA-binding protein 43; UPDRS =

Unified Parkinson’s Disease Rating Scale.

Following dementia and stroke, Parkinson disease (PD) is
the third most familiar neurodegenerative disease, but it is
uncommon in the general population, with a reported prev-
alence of 2% to 5% of persons by age 85."” The pathology
of PD, loss of nigral dopaminergic neurons and the formation
of Lewy bodies in these same neurons, is known to accu-
mulate over many years before a clinical diagnosis of PD.>*
Hence, identifying clinical antecedents of PD prior to its
clinical diagnosis, prodromal PD, offers the potential for early
intervention and prevention.® While PD is uncommon, ac-
cumulating evidence suggests that parkinsonism, a heteroge-
neous disorder, may affect more than half of older adults
by age 85.°

Our prior studies have shown that indices of PD pathology
including some degree of nigral degeneration and/or insoluble
a-synuclein (Lewy bodies) may be present in up to 40% of
older persons without PD and associated with parkinsonism.”
These data and other work®'® show that the presence of PD
pathology is much more common than the presence of clinical
PD and that it is an underestimated cause of parkinsonism in
older adults who do not meet clinical criteria for PD. However,
the nosology of parkinsonism in older adults and its relation-
ship to prodromal PD is still debated in part because there is
a paucity of data about its pathologic substrate.""'* In prior
cross-sectional studies, we showed that PD and other brain
pathologies are related to the severity of parkinsonism in older
adults without a clinical diagnosis of PD proximate to death."?
However, it is unknown whether these pathologies are asso-
ciated with the progression of parkinsonism over time and
contribute to declining motor function in older adults. To
address this question, we used data from more than 1,400 older
adults who underwent annual assessment of parkinsonism and
structured brain autopsy.

Methods

Participants

Participants came from 3 community-based longitudinal co-
hort studies of diverse participants, the Religious Orders
Study (ROS), the Rush Memory and Aging Project (MAP),
and the Minority Aging Research Study (MARS)."*'* Par-
ticipants were enrolled without known dementia and agreed
to annual clinical evaluations and autopsy. The ROS and MAP
participants were predominantly Caucasian Americans and
the MARS participants were all African Americans. Of note,
all 3 studies share a large common core of testing batteries and
uniform structured clinical evaluations facilitating combined
analysis as done previously.'®
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At the time of these analyses, 4,084 individuals had been
recruited to these studies (MAP, n = 1,939; ROS, n = 1,412;
MARS, n =731). We excluded 2,654 who were still living or
did not undergo autopsy (MAP, n = 1,233; ROS, n = 712;
MARS, n = 709). This left 1,430 participants who had un-
dergone autopsy and completed baseline and follow-up as-
sessment of parkinsonism for these analyses (MAP, n = 706;
ROS, n = 702; MARS, n = 22). Their characteristics by study
included the following: MAP: age at death 89.9 years (SD =
6.20); 485 (68.7%) women; years of education 14.5 (2.89); and
last examination before death 1.6 years (1.82). ROS: age at
death 87.9 years (SD = 6.97); 449 (64.0%) women; years of
education 18.1 (3.48); last examination before death 1.2 years
(1.39). MARS: age at death 82.8 years (SD = 9.54); 18 (81.8%)
women; years of education 14.5 (2.89); last examination before
death 1.6 years (1.95).

Assessment of parkinsonism and PD

Nurse clinicians assessed parkinsonian gait, rigidity, bradyki-
nesia, and tremor annually using 26 items from a modified
Unified Parkinson’s Disease Rating Scale (UPDRS). These
measures have high interrater reliability and short-term sta-
bility among nurses and compared with a movement dis-
orders specialist."”

Global parkinsonian score

A continuous measure of parkinsonism is useful for examining
the associations of postmortem indices with the progression
of parkinsonism. A score for each of the 4 parkinsonian signs
was based on the sum of the scores for each of its individual
items assessed with the UPDRS. The scores for the 4 par-
kinsonian signs were averaged to provide a continuous global
parkinsonian score as previously described."”

Clinical parkinsonism category

A categorical measure of parkinsonism is necessary to estimate
the cases of incident parkinsonism. A previously validated
parkinsonism category was constructed based on the number
of the 4 parkinsonian signs present with UPDRS assessment. A
parkinsonian sign was present if 2 or more of its items were
scored as a mild abnormality. Clinical parkinsonism was pres-
ent if at least 2 of the 4 parkinsonian signs were present.'®

PD diagnosis

After categorizing whether an individual showed parkin-
sonism based on each annual UPDRS assessment, we also
recorded whether they ever reported receiving a clinical di-
agnosis of PD for which they had received PD medications
including levodopa or a dopamine agonist. Complementing
self-reported history, our annual structured examination
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included inspection of all current medications to identify PD

. 718
medications.”

Demographic covariates
Date of birth and sex were collected through a participant
interview. Age in years was computed from self-reported date

of birth and date of death.

Postmortem indices

Brain removal, tissue sectioning and preservation, and a uni-
form gross and microscopic examination with quantification
of postmortem indices followed a standard protocol." Post-
mortem interval was 9.1 hours (SD = 8.55) after death. In
prior work, we developed summary pathology measures
combining samples from different brain regions as measures
from diverse regions were highly correlated and compos-

ite measures improve their metric properties as previously
4,720
described.

PD pathology

Nigral neuronal loss was assessed in sections of the substantia
nigra using a semiquantitative scale (0-3).>' Lewy body disease
pathology was assessed in 6 brain regions using a monoclonal
phosphorylated antibody to a-synuclein as previously described
and was treated as present or absent in these analyses.”' PD
pathology is defined as moderate to severe nigral neuronal loss
and the presence of Lewy bodies. As we have done in prior
studies, we stratified individuals into 4 groups based on the
presence of moderate-severe nigral neuronal loss and/or any
Lewy body pathology: (1) nigral neuronal loss alone, (2) Lewy
body pathology alone, and (3) a pathologic diagnosis of PD
pathology if both nigral neuronal loss and Lewy body pathol-
ogy were present. These 3 groups were compared to a reference
group in which neither nigral neuronal loss nor Lewy body
pathology was observed.

Alzheimer pathology

Bielschowsky silver stain was used to visualize neuritic plaques,
diffuse plaques, and neurofibrillary tangles in S brain regions, as
previously described.”> Standardized scores for plaque and
tangle counts in each were then averaged across the S regions.
We averaged these 3 summary scores to yield a global measure
of Alzheimer disease (AD) pathology used in these analyses.*®

TDP-43

Immunohistochemistry with TARSP-1D3 antibody was
used to assess TAR DNA-binding protein 43 (TDP-43) in
S brain regions. Three stages of TDP-43 distribution were
recognized (stage 1, localized to amygdala; stage 2, exten-
sion to hippocampus and/or entorhinal cortex; stage 3,
extension to the neocortex) and scores ranged from 0 to 3 as
described previously.**

Hippocampal sclerosis

Hippocampal sclerosis was evaluated unilaterally in a coronal
section and graded as absent or present or absent based on
severe neuronal loss and gliosis in CAl and/or subiculum.?’
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Macroscopic cerebral infarcts

We reviewed 1-cm slabs and recorded the age, volume (in

mm?), side, and location of all cerebral infarcts visible to the
. 26 .. .

eye as previously reported.” Only chronic infarcts were in-

cluded in these analyses. Macroinfarcts were treated as pres-

ent or absent for these analyses.

Microscopic cerebral infarcts

Nine brain regions were dissected, processed, and embedded
for review by a neuropathologist to identify microscopic
infarcts as previously described.”” Microinfarcts were treated
as present or absent for these analyses.

Cerebral atherosclerosis

This was assessed on gross examination of the anterior,
middle, and posterior cerebral arteries and their proximal
branches at the circle of Willis using a semiquantitative scale
(0-3) of all visualized arteries.

Cerebral arteriolosclerosis

Arteriolosclerosis describes degenerative and fibrohyalinotic
thickening of arterioles with narrowing of the vascular lu-
men. We evaluated the vessels of the anterior basal ganglia
with a semiquantitative grading system (0-3) as previously
described.”

Cerebral amyloid angiopathy

Immunohistochemistry was used to score (0-4) B-amyloid
deposition in meningeal and parenchymal vessels in S neo-
cortical regions. The maximum score between the meningeal
and parenchymal amyloid angiopathy scores was used as the
amyloid angiopathy pathology score for that region. Scores
were then averaged across the S regions. We used this overall
average score to develop a 4-level rating scale, based on the
data distribution and pathology severity at the different levels
as determined by the neuropathologist.”®

Analyses

We used a series of linear mixed-effect models to examine
the association of indices of PD and other brain pathologies
with the progression of parkinsonism prior to death. The
distribution of global parkinsonism was positively skewed
and was square-root transformed before these analyses. The
outcome for these models was repeated annual measures of
the global parkinsonism score. Each model included a term,
time, the number of years prior to death, whose coefficient
estimates the mean annual rate of change in parkinsonism
(i.e., slope). Each predictor added to the model included
a term for its estimated association with global parkinsonism
proximate to death and a second term for its interaction with
time, the annual rate of change in global parkinsonism. All
the models included terms for age and sex and their in-
teraction with time. First, we calculated the progression of
parkinsonism in all individuals and included a term for the
diagnosis of PD and its interaction with time to determine
whether the rate of progression differed in older adults with
and without PD.
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Next, to examine the association of PD pathology (nigral neu-
ronal loss and Lewy body pathology) with progressive parkin-
sonism, we compared the rate of progression for 3 groups with
one or both elements of PD pathology to a reference group,
individuals without evidence of either element of PD pathology.

In further analyses, we retained terms for age, sex, and PD
pathology (nigral neuronal loss and Lewy body pathology)
while adding additional terms for each of 8 other postmortem
indices to determine whether they were independently asso-
ciated with the progression of parkinsonism.

There are about 250 combinations of mixed pathologies in this
sample of more than 1,400 autopsied older persons analyzed in
this study.29 This highlights the need for an approach to illus-
trate the additive effect of multiple pathologies on progres-
sive parkinsonism. Risk scores have been used to aggregate
the additive risks of multiple genes or clinical risk factors.***"
Therefore, we constructed a person-specific weighted pathology
score to illustrate the aggregated effects of varied combinations
of mixed pathologies on the progression of parkinsonism. The
weighted pathology score calculated for each person was based
on the estimated coefficients (B values) obtained in table 4,
model 1, for each pathology independently associated with the
progression of parkinsonism.

Standard protocol approvals, registrations,
and patient consents

The study was approved by the institutional review board of
Rush University Medical Center. Written informed consent
was obtained from all study participants as was an Anatomical
Gift Act for organ donation.

Data availability

All data included in these analyses are available via the Rush
Alzheimer’s Disease Center Research Resource Sharing Hub,
which can be found at radc.rush.edu. It has descriptions of
the studies and available data. Any qualified investigator can
create an account and submit requests for deidentified data.

Results

Description of the analytic group

There were 1,430 adults included in these analyses, and their
clinical characteristics proximate to death and autopsy find-
ings are summarized in table 1. During more than 8.5 years
of follow-up (mean 8.7 years [SD = 4.82]), 771 individuals
without parkinsonism at baseline (53.9%) developed parkin-
sonism. On average, the last clinical assessment of parkinson-
ism was 1.4 years (SD = 1.72) before death.

Approximately 25% had one or both elements of PD pa-
thology as illustrated in figure 1. The distributions of the other
8 pathologies measured are summarized in table 1.

For descriptive purposes, we dichotomized PD pathology
and the other 8 pathologies measured to count how many
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Table 1 Clinical and postmortem findings

All No PD Yes PD
Measure (n=1,430) (n=1,378) (n=52)
Clinical measures
Age at death, y 88.8 (6.75) 88.9 (6.73) 85.7 (6.60)
Sex, female, n (%) 952 (66.6) 929 (67.4) 23 (44.2)
Parkinsonism (present at 771 (53.9) 725 (52.6) 46 (88.5)
last visit), n (%)
Global parkinsonism 16.8 (11.4) 14.4 (1.99) 25.4 (2.10)
score (last visit)
Postmortem indices, n (%)
PD pathology
Nigral neuronal loss 46 (3.2) 41 (3.0) 5(9.6)
(moderate-severe)
Lewy bodies present 187 (13.2) 184 (13.4) 3(5.8)
Nigral neuronal loss 131 (9.2) 104 (7.6) 27 (51.9)
and Lewy bodies
No PD pathology 1,058 (74.4) 1,041 (76.0) 17 (32.7)
Other neurodegenerative
pathologies
AD Reagan present 916 (64.1) 888 (64.4) 28 (53.8)
TDP-43 397 (32.4) 385 (32.6) 12 (26.7)
Hippocampal sclerosis 124 (8.7) 122 (8.9) 2(3.8)
Cerebrovascular disease
pathologies
Macroscopic infarcts 506 (35.4) 490 (35.6) 16 (30.8)
present
Microscopic infarcts 422 (29.5) 412 (29.9) 10(19.2)
present
Atherosclerosis 483 (34.0) 470 (34.3) 13 (25.0)
(moderate-severe)
Arteriolosclerosis 479 (33.8) 462 (33.8) 17 (32.7)
(moderate-severe)
Cerebral amyloid 491 (35.3) 477 (35.7) 14 (27.5)

angiopathy

Abbreviations: AD = Alzheimer disease; PD = Parkinson disease; TDP-43 =
TAR DNA-binding protein 43.
Cell entries are mean (SD) or n (%).

pathologies were observed in each individual examined (table 1).
The average individual had 3 of the 9 pathologies (median
3.0, interquartile range 2.0). One or more pathologies
were observed in almost all persons (94.1%); 0: n = 84
(5.9%); 1: n =227 (15.9%); 2: n =269 (18.8%); 3: n = 301
(21.1%); 4: n =271 (19.0%); 5: n = 165 (11.5%); 6-9: n =
113 (7.9%).

The average individual with and without a clinical diagnosis
of PD who developed parkinsonism had 3 of 9 pathologies
(median 3.00, interquartile range 2.0). Figure 2 illustrates the
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Figure 1 PD pathology in older adults with and without clinical parkinsonism
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ism (red) and without clinical parkinsonism (blue) at
the last visit proximate to death for each of the 3
Parkinson disease (PD) pathology groups (LB [Lewy
bodies present], NNL [nigral neuronal loss], PD pa-
thology [presence of both LB and NNL]) and a fourth
reference group of individuals without either of the
elements of PD pathology. The majority of older
adults who developed parkinsonism proximate to
death (red) did not show evidence of either of the
elements of PD pathology.
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proportions of individuals with each of the different brain pa-
thologies observed in persons developing parkinsonism. More
than 80% of individuals developing parkinsonism with and
without elements of PD pathology showed mixed brain
pathologies.

Progressive parkinsonism in older adults

We examined the rate of progression of parkinsonism using
a linear mixed-effects model that included terms for time, age,
sex, and the clinical diagnosis of PD as well as their interaction
with time. On average, parkinsonism was progressive in per-
sons with and without a clinical diagnosis of PD (table 2,
Time). The progression of parkinsonism was more rapid
(table 2, time x PD), and the estimated severity of parkin-
sonism at time of death was worse in individuals with a clinical
diagnosis of PD (table 2, PD).

PD pathology and progressive parkinsonism
To examine the association of PD pathology with the pro-
gression of parkinsonism, we used a linear mixed-effects
model in which we compared each of the 3 groups with one or
more elements of PD pathology to a reference group of
individuals without evidence of PD pathology. The rate of
change in parkinsonism was similar in the individuals with
either nigral neuronal loss or Lewy body pathology alone as
compared to the reference group (table 3, model 1). How-
ever, individuals with PD pathology (both nigral neuronal loss
and Lewy body pathology) had more rapid progression of
parkinsonism and more severe parkinsonism at the time of
death as compared to the reference group (table 3, model 1).
PD pathology remained associated with the rate of change in
parkinsonism when the analysis was restricted to individuals
without a clinical diagnosis of PD (table 3, model 2).

Figure 2 Proportions of individuals with each of 9 brain pathologies in older adults with parkinsonism before death

80 W Parkinsonism without
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60 clinical diagnosis of PD
%]
b
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v
G
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=
]
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K The majority of older individuals with clinical
20 evidence of parkinsonism prior to death, with
and without a clinical diagnosis of PD, showed
mixed brain pathologies. AD = Alzheimer dis-
10 ease; CAA = cerebral amyloid angiopathy;
CVDA = atherosclerosis; HS = hippocampal
sclerosis; LIPO = arteriolosclerosis; MACRO =
PD AD TDP HS MACRO MICRO CVDA LIPO CAA macroinfarcts; MICRO = microinfarcts; PD =
. . Parkinson disease; TDP = TAR DNA-binding
Brain pathologies protein.
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Table 2 Parkinsonism is progressive in older adults with
and without a clinical diagnosis of PD

Model terms Estimate (SE, p value)
Time 0.130 (0.005, <0.001)
Age at death 0.042 (0.006, <0.001)
Sex -0.180 (0.079, 0.022)

Clinical diagnosis of PD 1.606 (0.196, <0.001)

Time x age -0.001 (0.001, 0.147)

Time x sex 0.014 (0.009, 0.122)

Time x clinical diagnosis of PD 0.066 (0.021, 0.002)

Abbreviation: PD = Parkinson disease.

This table shows a linear mixed-effects model that examines whether par-
kinsonism prior to death is progressive. The additional interaction term
(time x clinical diagnosis of PD) examines whether the rate of progressive
parkinsonism differs between individuals with and without a clinical di-
agnosis of PD. Each cell shows the estimate (standard error, p value) for the
term shown on the left.

Other brain pathologies and

progressive parkinsonism

Since most adults who developed parkinsonism did not have
any elements of PD pathology and the majority of individuals
had evidence of multiple brain pathologies, we repeated

a linear mixed-effects model, which controlled for age and sex,
to determine whether other brain pathologies independently
contribute to the progression of parkinsonism. In a single
model controlling for PD pathology with terms for 8 other
brain pathologies, AD, TDP-43, macroinfarcts, atherosclero-
sis, arteriolosclerosis, and cerebral amyloid angiopathy (CAA)
were independently associated with the rate of progression of
parkinsonism, but microinfarcts and hippocampal sclerosis
were not (table 4, model 1). Demographics accounted for
4.5% and pathologies 18.5% of the variance of the rate of
progression of parkinsonism. Similar results were obtained
when we excluded individuals with a clinical diagnosis of PD
(table 4, model 2). Age and sex accounted for 2.6% and pa-
thologies 17.1% of the variance.

Burden of diverse brain pathologies and
progressive parkinsonism

Almost 80% of individuals examined in this study showed evi-
dence of multiple brain pathologies. To illustrate the cumulative
effect of the burden of these pathologies on the rate of pro-
gression of parkinsonism, we constructed a weighted pathology
score based on all the pathologies that were independently
associated with progressive parkinsonism (table 4).

The average weighted pathology score was 0.51 (SD = 0.263).
The weighted pathology score was higher in persons with

Table 3 PD pathology groups and progression of
parkinsonism in older adults

Table 4 The association of PD and other brain
pathologies with the progression of

Model 1: All Model 2: Individuals
Model terms individuals without clinical PD
Time 0.121 (0.006, <0.001) 0.121 (0.006, <0.001)
Age at death 0.038 (0.006, <0.001) 0.043 (0.006, <0.001)
Sex -0.162 (0.080, 0.042) —-0.213(0.080, 0.008)

Nigral neuronal loss

0.357(0.218, 0.103)

0.272(0.227,0.232)

Lewy bodies

0.009 (0.111, 0.938)

0.027 (0.111, 0.807)

PD pathology

0.871 (0.127, <0.001)

0.608 (0.140, <0.001)

Time x age

-0.001 (0.001, 0.100)

-0.001 (0.001, 0.219)

Time x sex

0.012(0.009, 0.171)

0.013(0.009, 0.151)

Time x nigral neuronal

loss

0.016 (0.0229, 0.460)

0.011 (0.023, 0.643)

Time x Lewy bodies

0.014 (0.012, 0.245)

0.014 (0.012, 0.225)

Time x PD pathology

0.087(0.013, <0.001)

0.077 (0.015, <0.001)

parkinsonism in older adults

Model terms

Model 1: All
individuals

Model 2: Individuals
without clinical PD

Time x PD pathology

0.085(0.013,<0.001)

0.071(0.0140, <0.001)

Time x AD

0.015 (0.007, 0.040)

0.016 (0.007, 0.025)

Time x TDP-43

0.009 (0.004, 0.041)

0.007 (0.004, 0.118)

Time x hippocampal
sclerosis

0.003 (0.007, 0.647)

0.003 (0.007, 0.652)

Time x macroinfarcts

0.020 (0.009, 0.024)

0.018 (0.009, 0.039)

Time xmicroinfarcts

-0.002(0.009, 0.791)

-0.002 (0.009, 0.840)

Time x atherosclerosis

0.024(0.005, <0.001)

0.026 (0.005, <0.001)

Time x
arteriolosclerosis

0.010 (0.005, 0.045)

0.009 (0.005, 0.056)

Time x CAA

0.012 (0.004, 0.002)

0.013 (0.004, <0.001)

Abbreviation: PD = Parkinson disease.

Each cell shows the estimate (SE, p value) for the terms shown in the left-
hand column. This table shows the results of 2 linear mixed-effects models
showing the annual rate of change of parkinsonism in the reference group,
without either element of PD pathology (time), and 3 additional terms
showing the adjustment to the rate of change in parkinsonism for each of
the 3 PD pathology groups compare to the reference group (time x nigral
neuronal loss; time x Lewy bodies loss; and time x PD pathology). When the
coefficient for a group is positive and statistically significant, the rate of
change in parkinsonism is higher than in the reference group.

Abbreviations: AD = Alzheimer disease; CAA = cerebral amyloid angiopathy;
PD = Parkinson disease; TDP-43 = TAR DNA-binding protein 43.

Each cell shows the estimate (SE, p value) for the interaction between a dif-
ferent pathology measure (shown in the left-hand column) and the annual
rate of progressive parkinsonism. This table shows the results of 2 linear
mixed-effects models that examined the association of each pathology (left
column) with the annual rate of change in parkinsonism. Each cell shows the
term for the interaction for a single pathology with the term, time, the an-
nual rate of progressive parkinsonism prior to death. Each of these 2 models
also included an additional 14 terms (not shown): a single term for time, 9
cross-sectional terms for each of the pathologies without its interaction with
time, and 4 terms for age and sex alone and their interaction with time.
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a clinical history of PD (PD 0.68 [SD = 0.274] vs no PD 0.51
I:SD = 0261], t test: tl,128 = —404, p < 0001)

We used a mixed-effect model with terms for age, sex, and
average weighted pathology score and their interaction with
the annual rate of change in parkinsonism (time). A higher
weighted pathology score was associated with a more rapid
progression of parkinsonism (estimate 0.172, SE 0.015, p <
0.001). Adding a term for education and its interaction with
time did not change the association of the weighted pathology
score and the rate of progressive parkinsonism (estimate
0.172, SE 0.015, p < 0.001). The trajectories for the pro-
gression of parkinsonism for S average individuals with in-
creasing weighted pathology scores are shown in figure 3. For
example, the progression of parkinsonism was about 4x faster
in an individual with a very high weighted pathology score,
90th percentile weighted pathology score (gray line) com-
pared to an individual without any pathology (black line)
(gray line slope: 0.19/y vs black line slope: 0.05/y).

Since the weighted pathology score was higher in adults with
a clinical history of PD, we added interaction terms to the
previous mixed-effect model and found that the association of
the weighted pathology score with the progression of par-
kinsonism did not vary between individuals with and without
a clinical diagnosis of PD (time x weighted pathology score x
PD diagnosis; estimate —0.011, SE 0.074, p = 0.878). This
demonstrates that the association of mixed pathologies with
progressive parkinsonism is on a continuum from low to high
pathology burden, rather than any qualitative distinction by
the presence or absence of a clinical diagnosis of PD.

As most individuals were from MAP and ROS, we excluded
individuals from MARS and conducted a sensitivity analysis to

ensure that our primary findings were observed in both MAP
and ROS separately. We repeated our primary analyses sep-
arately in MAP and ROS. In both studies, mixed pathologies
were associated with progressive parkinsonism (data available
from Dryad, table 1, doi.org/10.5061/dryad.vn42tj2), and
a greater weighted pathology score was associated with a more
rapid rate of progression (data available from Dryad, table 2).

Discussion

The nature and nosology of subclinical PD remains contro-
versial. This is largely because the association of PD pathology
with progressive parkinsonism in older persons without PD is
not well characterized. Using prospectively documented an-
nual parkinsonism scores in more than 1,400 community-
dwelling older adults for an average of 8 years, this study
found that parkinsonism is progressive in older adults with
and without a clinical diagnosis of PD, but was more rapidly
progressive in adults with PD. PD pathology measured in
these same individuals was associated with a more rapid rate
of progression in the years prior to death in both adults with
and without a clinical diagnosis of PD. However, more than
70% who developed parkinsonism did not show evidence of
PD pathology. Individuals who developed parkinsonism but
did not have PD pathology showed diverse brain pathologies
including AD, TDP-43, macroinfarcts, atherosclerosis, arte-
riolosclerosis, and CAA, which were independently associated
with more rapidly progressive parkinsonism. Furthermore,
almost 80% of adults included in this study showed evidence
of multiple brain pathologies, and the rate of progressive
parkinsonism was related to the burden of mixed brain pa-
thologies in older adults with and without a clinical diagnosis
of PD. These data suggest that the clinical phenotype of
parkinsonism in older adults is not specific for a particular

Figure 3 A higher burden of brain pathologies is related to more rapid progression of parkinsonism
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creasing weighted pathology scores derived from the asso-
ciations between different postmortem indices and the rate
of progressive parkinsonism. Since a higher global parkin-
sonism score (y-axis) represents more severe parkinsonism,
the slope for more rapid progression is positive and larger.
Slope values increase with a higher burden of pathology as
illustrated by showing increasing weighted pathology scores
and slope values: black line (no pathology, rate: 0.051/y);
red line (25th percentile, weighted pathology score 0.316;
rate: 0.101/y); green line (50th percentile weighted pa-
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thology score 0.483; rate: 0.130/y); blue line (75th percen-
tile, weighted pathology score 0.678; rate: 0.159/y); and
gray line (90th percentile weighted pathology score 0.868;
rate: 0.189/y).
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brain pathology and is most commonly associated with mixed
brain pathologies.

In this prospective study, we evaluated the clinical heteroge-
neity of progressive parkinsonism associated with PD pa-
thology by assessing parkinsonism in all individuals who were
recruited and collecting postmortem indices from autopsies
without exclusion of individuals based on clinical or post-
mortem findings. This study design allowed us to compare
both the rate of progression of parkinsonism and its patho-
logic basis for adults with and without a clinical diagnosis of
PD. In the current analysis, parkinsonism was progressive in
all older adults but its rate was more rapid in adults with
a clinical diagnosis of PD. PD pathology was associated with
more severe parkinsonism proximate to death as well as
a more rapid rate of progression many years prior to death in
both adults with and without a clinical diagnosis of PD.

In this study 3.6% of individuals had a clinical diagnosis of PD,
similar to population estimates for PD." By contrast, 7.6% of
individuals without clinical PD had evidence of PD pathology,
although the presence of nigral neuronal loss or Lewy bodies
alone was not related to the rate of progressive parkinsonism.
Approximately 25% of all individuals without a clinical di-
agnosis of PD showed accumulation of either or both ele-
ments of PD pathology. Further work is needed to develop
more accurate clinical risk profiles to identify those with
progressive parkinsonism due to PD pathology, potentially
including nonmotor functions along with neuroimaging, ge-
netic, and biochemical biomarkers. Such efforts may increase
the specificity for predicting distinct pathologies.*”

These data showing that PD pathology is associated with
progressive parkinsonism in older adults is an important
finding. Yet, the majority of individuals in this study who
developed parkinsonism did not have PD pathology (figure
1). This highlights the importance of our findings that other
brain pathologies including AD, TDP-43, macroinfarcts,
atherosclerosis, arteriolosclerosis, and CAA are independently
associated with progressive parkinsonism when controlling
for PD pathology.

Most older adults in this study showed evidence of multiple
brain pathologies, and there are hundreds of possible com-
binations of mixed pathologies in this large sample.” Risk
scores have been used to aggregate the additive risks associ-
ated with multiple genes or clinical risk factors.***' Therefore,
we constructed a person-specific weighted pathology score to
illustrate the aggregated risks of the varied combinations of
mixed pathologies on the progression of parkinsonism (figure
3). Of note, while on average the burden of pathology was
greater in adults with clinical PD, the association of a higher
burden of pathologies with more rapid progressive parkin-
sonism did not vary with a clinical diagnosis of PD. These data
suggest that the association of mixed pathologies with pro-
gression of parkinsonism is on a continuum from low to high
pathology burden, rather than any qualitative distinction by
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the presence or absence of a clinical diagnosis of PD. Thus, for
a similar level of mixed pathologies, individuals with and
without PD may have similar rates of progressive parkinsonism.

These findings have important translational consequences as
they suggest that the clinical phenotype of parkinsonism in
older adults is not specific for a single specific brain pathology
but is most commonly associated with mixed brain patholo-
gies.*® Thus, parkinsonism in older adults is not simply an early
manifestation of PD pathology but rather a phenotype as-
sociated with diverse pathologies. Moreover, since most
individuals developing clinical parkinsonism did not have
PD pathology, but rather several other brain pathologies, it
suggests that currently available clinical constructs for the
assessment of parkinsonism lack the requisite specificity to
identify older adults at risk of specific brain pathologies.
Moreover, as we have shown in prior publications, given the
numerous combinations of mixed pathologies that may mani-
fest in a population of older adults, it is likely to be difficult to
develop cost-efficient therapies for mixed pathologies.””** An
alternative and parallel approach focusing on identifying mo-
lecular or other resilience factors unrelated to pathologies that
may mitigate the untoward effects of mixed pathologies on
parkinsonism in older adults circumvents the difficulties of
focusing on targeted treatments of mixed pathologies.****

Nonetheless, the current findings may have important clinical
implications. For example, microvascular pathologies cannot
be assessed with conventional brain imaging but nonetheless
may offer an important new direction for preventing or de-
creasing the burden of parkinsonism in older adults. The
prominence of microvascular pathologies including arterio-
losclerosis, atherosclerosis, and CAA, which were as common
as macroinfarcts, lends support to the notion that small vessel
disease may make important contributions to late-life motor
and cognitive impairment.19

Concepts of chronic age-related neurologic diseases are evolv-
ing. For example, we now recognize that the pathology of AD is
common in persons without clinically diagnosed dementia.
Recognition of the heterogeneity of cognition associated with
pathologic AD and its reconceptualization as a clinical contin-
uum required the prospective cognitive assessment of large
numbers of older adults undergoing autopsy without case se-
lection based on postmortem findings. Similar to AD, PD pa-
thology accumulates over many years before a clinical diagnosis
of PD. Leveraging the successful approach used for pathologic
AD, this prospective study examined all brains collected without
exclusion of individuals based on clinical or postmortem find-
ings to avoid truncating the clinical heterogeneity of parkin-
sonism. This study design allowed us to compare both the
progression of parkinsonism and its pathologic basis in adults
with and without a clinical diagnosis of PD.

The clinical categories of parkinsonism examined in the current
study might be conceptualized as a continuum of progressively
more severe parkinsonian motor signs. For example, a clinical
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diagnosis of PD manifests more severe and rapidly progressive
parkinsonian signs in individuals compared to those with and
without parkinsonism but without a clinical diagnosis of PD.
This clinical spectrum of increasing severity and rapidly pro-
gressive parkinsonism is analogous to cognitive phenotypes,
wherein individuals with no cognitive impairment and mild
cognitive impairment have slower rates of cognitive decline
than adults with AD dementia.*®

Parkinsonism in older adults is most commonly associated
with mixed brain pathologies. Thus, identifying this behav-
ioral phenotype does not have a one-to-one correspondence
to a specific underlying pathologic process. This is similar to
mixed brain pathologies underlying AD dementia such that
the clinical diagnosis is not specific for AD pathology. Further
work is needed to develop clinical risk profiles, potentially
including clinical, genetic, imaging, or fluid biomarkers. Such
efforts may increase the specificity for predicting distinct eti-
ologies of parkinsonism, facilitating early treatments.**

There are several reasons to think that our study may have
underestimated the contributions of common neuropathologies
to parkinsonism in older adults, an underestimation that might
explain why the brain pathologies explained only about 20% of
the variation in the rate of change of parkinsonism. Post-
mortem indices were preferentially collected from traditional
cognitive-related brain regions and did not include motor-
related regions in the cerebrum or regions caudal to the sub-
stantia nigra including brainstem and spinal cord, which we
have shown to make separate contributions to the severity of
parkinsonism.'®*”*® In addition, the current study did not as-
sess white matter integrity, which may make a substantial
contribution to motor phenotypes in older adults.® Finally, we
used semiquantitative scales to measure pathologies rather than
quantifying overall burden throughout the brain. Thus, our
results are likely to underestimate the full extent to which pa-
thologies underlie parkinsonism. Further studies are needed to
replicate our findings and to determine the full range of neu-
ropathologies as well as other molecular mechanisms unrelated
to known pathologies underlying parkinsonism in old age.*®

There are several limitations to the current analyses. First,
similar to other community- or population-based cohort
studies, the diagnosis of PD in these analyses was based on
history and medical records and was not based on structured
examination by a movement disorders specialist."** Recent
work suggests that early in its course, it may be difficult even
for an expert to make an accurate diagnosis of PD.*"* How-
ever, even if the clinical diagnosis of PD was suboptimal, since
we obtained postmortem indices on all individuals, this would
not have affected our main findings as the majority of adults
developing clinical parkinsonism did not have evidence of
PD pathology. This study has several strengths. One important
strength was that by using the same validated instrument to
measure parkinsonism from prospectively collected data, we
were able to compare the trajectories of progressive parkin-
sonism in older community-dwelling older adults with and

Neurology.org/N

without a clinical diagnosis of PD. In addition, all decedents had
a structured brain autopsy that included not only PD pathology
but 8 other age-related brain pathologies, allowing us to assess
the heterogeneity of pathologies underlying progressive par-
kinsonism in older adults.
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