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Abstract

Objective—To evaluate the relationship between Parkinson’s disease with dementia and cortical 

proteinopathies in a large population of pathologically confirmed Parkinson’s patients.

Methods—We reviewed clinical data from all patients with autopsy data seen in the Movement 

Disorders Center at Washington University, St. Louis between 1996 and 2019. All patients with 

parkinsonism and autopsy-confirmed Lewy body pathology were included. We used logistic 

regression and MANCOVA to investigate the relationship between neuropathology and dementia.

Results—A total of 165 Parkinson’s patients met inclusion criteria. Among these, 128 had 

clinical dementia. Those with dementia had greater mean ages of motor onset and death but 
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equivalent mean disease duration. The delay between motor symptom onset and dementia was 

one year or less in 14 individuals, meeting research diagnostic criteria for possible or probable 

dementia with Lewy bodies (DLB). Braak Lewy body stage was associated with diagnosis of 

dementia, whereas severities of Alzheimer disease neuropathologic change (ADNC) and small 

vessel pathology did not. Pathology of individuals diagnosed with DLB did not differ significantly 

from that of other Parkinson’s patients with dementia. 6% of individuals with Parkinson’s and 

dementia did not have neocortical Lewy bodies; 68% with Parkinson's but without dementia did 

have neocortical Lewy bodies.

Interpretation—Neocortical Lewy bodies almost always accompany dementia in Parkinson's; 

however, they also appear in most Parkinson’s patients without dementia. In some cases, dementia 

may occur in Parkinson’s patients without neocortical Lewy bodies, ADNC, or small vessel 

disease. Thus, other factors not directly related to these classic neuropathologic features may 

contribute to Parkinson's dementia.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive disorder characterized primarily by the clinical 

features of bradykinesia with rest tremor, rigidity, or both. The underlying disease 

mechanism is based on neuronal loss affecting the dopaminergic nigrostriatal pathway. Lewy 

bodies (LB) and Lewy neurites, eosinophilic intraneuronal cytoplasmic inclusions consisting 

primarily of aggregated α-synuclein, typically occur in conjunction with neuronal loss in 

catecholaminergic brainstem nuclei including the substantia nigra and locus coeruleus. Other 

subcortical populations including serotonergic neurons in the raphe nuclei and cholinergic 

neurons in the nucleus basalis of Meynert, are also affected in early stages.1,2 Limbic and 

neocortical Lewy bodies and neurites often become evident with disease progression.

Although intellectual function remains relatively spared in most people with early PD, 

cognitive impairment and dementia often develop in advanced disease. The spectrum 

of cognitive impairment ranges from subjective cognitive decline and mild cognitive 

impairment (PD-MCI) to frank dementia (PDD). 3,4 The prevalence of PDD increases 

with age, with 80% or more of PD patients developing dementia within 20 years after 

diagnosis.5 Dementia with Lewy bodies (DLB) is a disorder closely related to PDD and 

with similar neuropathology. DLB is characterized clinically by progressive disabling 

cognitive impairment leading to dementia, occurring before or concurrently with motor 

parkinsonism.6 In research studies in which distinction needs to be made between DLB and 

PDD, a 1-year rule between the onset of dementia and parkinsonism is recommended.

The neuropathological basis for dementia in PDD and DLB is controversial. A recent 

systematic review indicates that limbic and/or neocortical α-synuclein pathology occurs 

in virtually all cases of PDD, although coexisting Alzheimer pathology (inclusive of β 
-amyloid and characteristic neurofibrillary tangle [NFT] pathology) may independently 

contribute to dementia in PD in some patients.7 Cortical NFT pathology may relate more 
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strongly to cognitive status in PD than β-amyloid.7 Multiple studies investigating the role of 

cerebrovascular pathology including cerebral amyloid angiopathy (CAA) have not shown an 

association with dementia in PD.7

The objective of our study was to evaluate the relationship between PD and dementia 

with cortical proteinopathies in a large population of pathologically confirmed PD patients 

treated in the Movement Disorders Center at Washington University School of Medicine 

in St. Louis. We hypothesized that dementia would be associated more strongly with 

neocortical LBs8 than Alzheimer disease neuropathologic change (ADNC) or cerebral small 

vessel pathology. We also sought to determine whether patients with PDD vs DLB showed 

significant differences in cortical LBs, ADNC, or small vessel pathology.

METHODS

We reviewed clinical data maintained in an electronic medical record from all patients 

treated in the Movement Disorders Center at Washington University in St. Louis (WUSTL) 

between 1996 and 2019 (n = 19,947). All patients at this center are routinely invited 

to participate in the brain donation program, regardless of clinical diagnosis. All those 

with a clinical diagnosis of parkinsonism and autopsy-confirmed Lewy body pathology 

underwent further analysis (n = 211). Each patient had been examined by a subspecialty-

trained movement disorders neurologist who recorded the clinical status, including both the 

movement disorder and cognitive function, in the electronic medical record at each visit. For 

this study, a clinical diagnosis of dementia was based upon the historical narrative indicating 

progressive cognitive impairment sufficient to interfere with activities of daily living. When 

available, scores for the Mini-Mental State Examination (MMSE)9, Montreal Cognitive 

Assessment (MoCA)10, or both provided supportive evidence for presence or absence of 

dementia. Age at onset was defined as the patient’s age at the first motor symptom of PD. 

Disease duration was defined as the interval between motor symptom onset and death. The 

WUSTL Human Research Protection Office approved this study. All participants or their 

next of kin provided written informed consent.

Neuropathologic examinations were performed at WUSTL as described previously.11 

However, immunohistochemistry (IHC) for α-synuclein using the LB509 monoclonal 

antibody was introduced in 1998 and was supplanted by IHC using phosphorylation-specific 

anti-α-synuclein antibodies in 2009. IHC for phosphorylated tau (using PHF1 antibody, 

courtesy of Dr. P. Davies, Feinstein Institute for Medical Research, Manhasset, NY) 

and for β-amyloid (using 10D5 [Eli Lilly] or 4G8 antibodies) was performed routinely. 

Individuals with neuropathologic examinations completed before the routine use of these 

IHC techniques were excluded. Neuropathologic examinations after mid-2008 routinely also 

included IHC for phosphorylated TAR DNA-binding protein of 43 kDa (pTDP-43, Cosmo 

Bio USA); in this cohort, 29 cases without dementia and 108 cases with dementia had been 

evaluated with pTDP-43 IHC.

Neuropathologic diagnoses were based on standard criteria.2,12, 13 The diagnosis of PD was 

based on the presence of LBs within and the loss of pigmented neurons from the substantia 

nigra. Limbic and neocortical LBs, although not required for the diagnosis of PD, were 
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present in many of these patients. The distribution of Lewy body pathology was staged 

from 0 – 6 as described previously.12 We defined neocortical involvement as Braak LB 

stage 5 or 6. β-amyloid plaque distribution, NFT stage, and neuritic plaque score were rated 

according to National Institute on Aging–Alzheimer’s Association (NIA-AA) guidelines.13 

These scores were specified in the neuropathological record for cases autopsied after 2012. 

In autopsies from 2012 and earlier, the scores were determined from the narrative record 

describing these neuropathological features. The degree of AD neuropathologic change 

(ADNC) for each patient, defined as “none, low, intermediate or high” was determined 

according to these guidelines. Small vessel diseases CAA and arteriolosclerosis were each 

graded as “none, mild, moderate, or severe.”

Statistical analyses were performed using a combination of R (version 4.2)14 and IBM 

SPSS 28 (IBM Corp., Armonk, N.Y., USA). Data were missing for approximately 20% 

of education scores; multiple imputation was employed to fill missing data (R package: 

mice).15 Logistic regression models were fit using presence of dementia as the dependent 

variable to test the relationship between dementia and Braak LB stage, ADNC severity, 

and severity of small vessel pathology with and without covariates of sex, race, level of 

education, age at disease onset, and age at death. In the subgroup of participants with a 

dementia diagnosis, logistic regression also was fit with PDD vs DLB group as a dependent 

variable, with significant relationships between pathology and group assessed with and 

without the above covariates. We also ran similar models replacing ADNC severity with 

β-amyloid plaque distribution, NFT stage, and neuritic plaque score. Comparisons of means 

between pathological and diagnostic groups were performed using multivariate analysis 

of covariance (MANCOVA). For both logistic regression and MANCOVA analyses, all 

appropriate assumptions of linearity and normality were tested for, and models were fit 

with and without outliers to assess the impact on significant results. For MANCOVA, 

where assumptions of homogeneity of variance and covariance or multivariate normality 

were not met, Pillai’s trace (V) was substituted for Wilk’s lambda (λ) as the test statistic. 

Unadjusted comparisons of individual continuous and categorical measures were performed 

using Student’s T-tests and χ2 tests, respectively. Where necessary, multiple comparisons 

were controlled using the Bonferroni method.

RESULTS

Records of a total of 211 patients, all with neuropathologically confirmed Lewy body 

pathology and a clinical diagnosis of parkinsonism, were reviewed. From this total, 165 

patients had sufficiently detailed clinical and neuropathological records including IHC to 

be analyzed further. In this group, 128 patients had a clinical diagnosis of dementia. Mean 

age at motor onset and age at death were both slightly greater among those with dementia 

(combined PDD and DLB) vs patients with PD but no dementia (PDND), although these 

differences were not significant after correction for multiple comparisons (p < 0.05), while 

disease duration did not differ significantly between these two groups (Table 1). Mean ages 

at motor onset, dementia, and death, total disease duration, and interval between motor onset 

and dementia did not differ significantly between Braak LB stages when adjusted for sex, 

race and education using one-way MANCOVA (F[12, 310] = 0.691, λ = 0.932, p = 0.760). 

The categorization of patients by dementia status and Braak stage with corresponding 
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temporal features of their disease courses is summarized in Table 1. Figure 1 displays the 

relationship between Braak stage and age of death for DLB, PDD and PDND patients.

We performed logistic regression to ascertain the association of pathology with diagnosis 

of dementia. A model was constructed to predict diagnosis of dementia using Braak LB 

stage, ADNC stage, and cerebral small vessel pathology (arteriolosclerosis and CAA) as 

independent variables, with additional covariates of sex, race, education, age at motor onset, 

and age at death. This model was statistically significant, (df = 24, χ2 = 53.38, p < 0.001) 

and correctly classified 84.8% of cases. Braak LB stage significantly related to dementia (df 

= 3, Wald χ2 = 15.09, p = 0.002), with Braak LB stage 6 independently predicting dementia 

diagnosis (p = 0.004, OR 37.6, 95% CI 3.9-362.2), although Braak LB stage 5 did not (p = 

0.078, OR 7.46, 95% CI 0.80-69.48). ADNC stage did not significantly relate to dementia 

diagnosis (df = 3, Wald χ2 = 0.930, p = 0.818); nor did arteriolosclerosis (df = 3, Wald χ2 = 

2.73, p = 0.436) or CAA (df = 4, Wald χ2 = 3.85, p = 0.427) (Table 2). Similar results were 

observed when each AD pathology type was considered independently of the others, with 

and without accounting for clinical covariates. Only 9 patients in this sample had ADNC 

score of “high.” All of these had a diagnosis of dementia and neocortical Lewy bodies (8 

Braak stage 6, 1 Braak stage 5). When β-amyloid plaque score, NFT score, and neuritic 

plaque score were substituted for the composite ADNC severity score, none significantly 

related to dementia diagnosis (β-amyloid: df = 3, Wald χ2 = 2.257, p = 0.521; NFT: df = 

3, Wald χ2 = 0.852, p = 0.837; neuritic plaque: df = 3, Wald χ2 = 1.711, p = 0.634) (Table 

2). NIA-AA scores are listed in Tables 3 and 4. When Braak LB stage was dichotomized 

into stages 1-4 (no neocortical LB) versus stages 5-6 (neocortical LB), and ADNC was 

dichotomized into “none/low” versus “intermediate/high” within a similar logistic regression 

model, neocortical LB significantly predicted dementia (p = 0.001, OR = 9.0, 95% CI = 

2.4-34.2), while ADNC did not (p = 0.232, OR = 2.3, 95% CI = 0.6 – 9.1).

The interval between motor onset and dementia onset ranged from −0.6 to 32 years (mean 

10.6 ± 7.0 years). This interval was one year or less in 14 individuals; thus, they were 

assigned to the DLB group per current research diagnostic criteria.6 We conducted one-way 

MANCOVA to evaluate mean ages of motor onset, dementia and death, time to dementia, 

and total disease duration by diagnosis of PDD versus DLB while adjusting for sex, race, 

and level of education. There was an overall effect of diagnostic group on temporal variables 

(F[4,119] = 21.621, V = 0.421, p < 0.001). PDD and DLB groups significantly differed by 

age at death (F[1,122] = 6.75, p = 0.011, difference DLB −4.4 years), age at dementia onset 

(F[1,122] = 21.54, p < 0.001, difference DLB −9.0 years), time to dementia (F[1,122] = 

38.52, p < 0.001, difference DLB −10.94 years) and total disease duration (F[1,122] = 12.34, 

p < 0.001, difference DLB −6.4 years), as displayed in Figure 2.

A logistic regression model was employed to evaluate the effect of pathology (Braak stage, 

ADNC, cerebral small vessel pathologies) on diagnosis of PDD vs DLB, covarying for 

sex, race, and education level. When only pathology was considered, the model was not 

statistically significant (df = 13, χ2 = 12.136, p = 0.517). While accounting for demographic 

covariates, none of the pathological variables significantly related to diagnosis of PDD vs 

DLB, including Braak LB stage (df = 3, Wald χ2 = 0.2.902, p = 0.407), ADNC stage 

(df = 3, Wald χ2 = 2.230, p = 0.526), CAA severity (df = 4, Wald χ2 = 1.996, p = 
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0.737), and arteriolosclerosis (df = 3, Wald χ2 = 2.269, p = 0.518). When substituted for 

composite ADNC score, neither β-amyloid plaque score, NFT score, nor neuritic plaque 

score significantly related to PDD versus DLB diagnosis (β-amyloid: df = 3, Wald χ2 = 

1.571, p = 0.666; NFT: df = 3, Wald χ2 = 1.469, p = 0.689; neuritic plaque: df = 3, Wald χ2 

= 3.515, p = 0.319).

Other neuropathological findings included TDP-43 immunoreactive neuronal cytoplasmic 

inclusions (consistent with limbic-predominant age-related TDP-43 encephalopathy – 

neuropathologic change [LATE-NC])16 in 1/29 (3.4%) of patients without dementia and 

21/108 (19.4%) patients with dementia (χ2 = 4.3396, p = 0.037). TDP-43 positivity did not 

differ between PDD (19/97) and DLB (2/11) groups (χ2 = 0.0125, p = 0.911). TDP-43 

positivity was recorded as sparse or mild in all but 3 participants, 2 of whom were 

designated stage II, and 1 as stage IV (on a I - VI scale).17 Hippocampal sclerosis was 

present in 3 patients, all of whom had dementia and were very mildly TDP-43 positive. 

Argyrophilic grain disease (AGD) was present in 3/37 (8.1%) patients without dementia 

(stage I in 2, stage II in 1) and 9/128 (7.0%) patients with dementia (stage I in 6, stage II in 

3).18 AGD was not reported in any of the DLB individuals. In individuals who died in 2015 

or later, aging-related tau astrogliopathy (ARTAG)19 was recorded in 2/15 (13.3%) PDND 

patients and 21/48 (43.8%) patients with dementia, one with DLB (χ2 = 4.562, p = 0. 033). 

These observations and their association with Lewy body stage are summarized in Table 5.

DISCUSSION

This study provides evidence that the development of dementia in Lewy body diseases 

closely relates to the presence of neocortical LBs. This agrees with previous work reporting 

a correspondence between cognitive status and Braak LB stage in PD, although that study 

did not report specifically on dementia.20 Also consistent is a systematic review of 44 

autopsy studies involving 2002 cases with PD, 57.2% of whom developed dementia, which 

reported that limbic and neocortical α-synuclein pathology had the strongest association 

with dementia.7 Two important caveats to this, however, are that neocortical synucleinopathy 

frequently occurred in patients without clinical dementia (25/37 patients in our PDND 

group) and that dementia may occur in the absence of neocortical synucleinopathy (7/114 

patients in our PDD group). Two of these 7 patients had severe small vessel disease raising 

the possibility of a vascular cause for their dementia. Therefore, neocortical LBs are neither 

sufficient nor necessary for dementia in PD, although most patients with PD and dementia 

did exhibit neocortical LBs.

Our observation that Braak LB stage 4 disease (corresponding with basal prosencephalic 

and/or mesocortical LBs) more commonly occurs in the PDND group than in the PDD/DLB 

groups, supports the concept that PD pathology progresses in a caudal-to-rostral fashion 

from the brainstem through the limbic system to the neocortex. The degree of neocortical 

spread appears to influence dementia, with Braak LB stage significantly relating to dementia 

diagnosis. In particular, Braak LB stage 6 (involving further spread into sensorimotor 

and temporal cortical regions12) independently predicts dementia diagnosis in our cohort, 

distinguishing it from stages 4 and 5, although Braak stage 5 may have been predictive 

of dementia in a larger sample. PDD patients with neocortical involvement typically have 

Martin et al. Page 6

Ann Neurol. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clinically more advanced disease than those PDND patients with pathology limited to stage 

4. This observation also indicates that limbic Lewy body pathology alone with sparing 

of the neocortex is an uncommon feature in PDD. This contrasts with guidelines for the 

assessment of neuropathologic findings in DLB that suggest patients with limbic Lewy-

related pathology and no significant ADNC have a high likelihood of having a typical DLB 

clinical syndrome.6

Cortical α-synuclein deposition in the form of Lewy bodies and Lewy neurites is not the 

only proteinopathy evident in these patients. β-amyloid accumulation was evident in the 

majority of patients, regardless of the presence of dementia (Table 3). NFT pathology 

was also commonly seen in all groups (Table 3). This agrees with observations of Smith 

et al.,7 although severity of tau pathology did not significantly relate with PDD vs DLB 

diagnosis or with presence of dementia. TDP-43 positivity was evident in a minority of 

patients and more common in the presence of dementia, generally consistent with the 

report of Nakashima-Yasuda et al.21 Of note, however, is that very few individuals in 

our study had more than mild TDP-43 positivity. In any aging population, coincident 

ADNC is an important consideration. In our cohort, a total of 34/128 patients had 

“intermediate” or “high” AD pathology meeting ADNC criteria sufficient to account for 

dementia, all of whom had neocortical LBs (Braak LB stage 5 or 6), a higher rate than we 

reported previously.8 The presence of these criteria in 4 of our patients without dementia 

demonstrates their non-specificity. Given the co-incidence of pathology in these patients, 

it is not possible to determine which protein(s) accounted for the cognitive changes in 

individual cases, although LB disease significantly related to dementia in our models 

whereas AD pathology did not. Quantitative measures indicate that neocortical α-synuclein 

correlates with neocortical β-amyloid, further confounding interpretation of how these 

individual proteinopathies contribute to cognitive impairment (in the absence of significant 

ADNC changes).22 Extant literature contains conflicting reports regarding the importance 

of coincident ADNC in PDD, with some authors suggesting that it is uncommon23,24 and 

others suggesting a close relationship between the two pathologies. Jellinger et al. reported 

40 cases with a high probability of AD from 66 PDD patients using NIA-Reagan diagnostic 

criteria.25 Our data falls midway between these reports.

DLB is poorly represented in our patient population. DLB is characterized clinically 

by progressive disabling cognitive impairment leading to dementia occurring before or 

concurrently with motor parkinsonism.6 These individuals are more likely to seek evaluation 

at a dementia center rather than a movement disorders center. Thus, our brain donation 

cohort reflects the bias of those patients referred to a movement disorder center. DLB 

does not have a disease-specific pathological marker.26 Substantial pathological overlap 

exists between DLB and PDD; in fact, these conditions are pathologically indistinguishable. 

They both likely represent the same synucleinopathy, with clinicopathologic diagnosis 

assigned according to the timing of onset of the dementia with respect to onset of motor 

parkinsonism.27 Consistent with this concept, recent criteria have de-emphasized the “one-

year rule” to distinguish PDD from DLB.6,28 These comments notwithstanding, in our 

patient group the mean age of motor onset did not differ significantly between DLB 

and PDD groups. After controlling for covariates, age of dementia onset in DLB was 

approximately 9 years earlier than in PDD. The DLB patients died about 4 years earlier than 
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PDD patients, with a shorter total disease duration about 6 years less. The degree of LB 

disease, β-amyloid deposition, and tau pathology was essentially the same in the 2 groups. 

Some authors have suggested that striatal β-amyloid deposition distinguishes PDD from 

DLB.7,29 This corresponds to a NIA-AA β-amyloid score ≥ 2.13,30 In our patients, 62% 

of DLB patients met this condition vs 55% in the PDD group, arguing against the value 

of striatal β-amyloid deposition in differential diagnosis, consistent with the observations 

of Kalaitzakis et al.31 We did not apply the DLB neuropathologic criteria of McKeith et 

al. because these criteria assume a clinical diagnosis of DLB.6 Our patients had dementia 

and parkinsonism but did not necessarily have other core clinical features required for the 

diagnosis.

Of particular interest is the presence of discordant cases, i.e., those in which a cortical 

proteinopathy was present in the absence of clinical dementia and those in which dementia 

was present in the absence of cortical proteinopathy. Not surprisingly, because α-synuclein 

is a major component of LBs, by definition some degree of synucleinopathy had to be 

present, at least in the brainstem, in all patients. Neocortical LBs were evident in all 

patient groups although a small number of individuals in both the PDD and DLB groups 

had only Braak stage 3 or 4 disease, indicating absent or only very rare neocortical LBs. 

This suggests that other features in addition to neocortical synucleinopathy contribute to 

development of dementia in the setting of PD. In general, the patients with dementia who 

lacked neocortical synucleinopathy also had a minor degree of cortical tauopathy and/or β-

amyloid accumulation, implicating factors other than cortical LB disease, β-amyloidopathy, 

or NFT formation. Similarly, the presence of cortical tauopathy or β-amyloidopathy in the 

absence of synuclein accumulation does not appear to relate to dementia (in the absence of 

frank AD).

Other neuropathological findings in our patients included ARTAG, a recently described 

neuropathological entity characterized by astroglial tau pathology in the aged brain.19 The 

clinical significance is uncertain. The significance of our observation of a higher incidence 

of ARTAG in patients with dementia vs those without (in the subset of patients who died in 

2015 or later) is unclear. Argyrophilic grain disease (AGD) is an age-associated tauopathy 

staged from I - III.18 More advanced stages of AGD may contribute to cognitive decline in 

the elderly. AGD was uncommon in our study participants. None had stage III AGD while 4 

(plus 1 individual without dementia) had stage II disease. The potential roles of ARTAG and 

AGD will be an important consideration in future studies of dementia in PD.

Numerous other factors potentially contribute to dementia that do not directly relate to 

cortical proteinopathy but were not investigated in the present study. Dysfunction of resting 

state functional connectivity networks could be one such factor. We previously reported 

longitudinal reductions in functional connectivity networks in PD participants without 

dementia, predicted in part by baseline CSF α-synuclein levels but not by β-amyloid 

levels.32,33 Disruption of dorsal attention and frontoparietal resting state networks relate 

to cognitive dysfunction in PD. 34 A meta-analysis of 72 publications supported the concept 

that network dysfunction is tightly linked to motor, cognitive and psychiatric symptoms.35
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While the scoring system for cortical proteinopathy in our study provides limited regional 

information, metabolic imaging studies suggested that hypometabolism in visual association 

and posterior cingulate cortices occurs early in the course of declining cognition in PD with 

more widespread cortical changes occurring with disease progression.36 Studies correlating 

regional cortical proteinopathy and metabolism have not been published.

All patients with PD have a significant loss of dopaminergic neurons in nigrostriatal 

projections. Those with PDD also have a substantial loss of neurons in the lateral 

dopaminergic system to frontal, parietal and temporal cortical regions.37 Other 

neurotransmitter systems are also potentially involved. Basal forebrain neurons, often 

involved in Braak LB stage 4 (and greater), are the major source of cholinergic innervation 

to the neocortex, hippocampus, and amygdala. We observed regional deficits in serotonergic 

projections to cortical and limbic regions and widespread deficits in noradrenergic 

projections in our previous postmortem study in people with PD and dementia.38 Decreased 

grey matter volume and increased mean diffusivity in the nucleus basalis of Meynert has 

been reported as predictive for developing cognitive impairment in cognitively intact patients 

with PD,39 consistent with a previous report of significant reductions of cortical choline 

acetyltransferase activity in PDD.40 The relationship, if any, between neurotransmitter 

abnormalities, cortical proteinopathies, and cognition has not yet been addressed.

Neuroinflammation is another potential contributing factor. A previous report identified 

an inverse association between PD and inflammatory bowel disease,41 a condition treated 

with anti-inflammatory or immunosuppressant agents as well as, in a population-based 

case-control study, a lower risk of PD in individuals receiving immunosuppressants.42 

Inflammation could be secondary to ongoing neuronal cell death in PD, but it has also been 

suggested that misfolded α-synuclein itself might play a direct role.43 Significant cortical 

microglial activation has been reported with [C-11]PK11195/PET studies in both PD and 

PDD.44 That study also showed an inverse correlation between microglial activation and 

MMSE scores, suggesting a role for neuroinflammation in declining cognition. Zhang et 

al reported that extracellular aggregated α-synuclein activates microglia and that microglial 

activation enhanced dopaminergic neurodegeneration.45 Lastly, other conditions such as 

LATE-NC, argyrophilic grain disease, hippocampal sclerosis, and cerebrovascular disease 

may contribute in individual patients. Further study is necessary to determine the relative 

importance of these other potential contributing factors and their relationship to cortical 

proteinopathies.

The strengths of this study are the longitudinal follow up by movement disorders specialists 

of all cases prior to autopsy, the relatively large number of autopsy cases and the careful 

postmortem examinations including immunohistochemistry in all cases. We also provide 

strong evidence that neocortical synucleinopathy or other proteinopathy including beta-

amyloid or tau is neither sufficient nor necessary for development of dementia in people 

with PD. This strongly suggests that other factors play a role in dementia in these cases, and 

these other factors also may be critical for those with neocortical synucleinopathy.

A limitation of this and previous clinicopathological correlative studies is their dependence 

on direct observations of the deposition of aggregated protein species with IHC. Quantitation 
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of the neocortical proteinopathy is approximate at best, typically based on semiquantitative 

scoring systems with limited regional data.13 We previously reported methods to address 

these limitations by quantifying the burden of insoluble protein accumulation in frozen 

tissue samples from individual brain regions but these methods have not yet been applied 

to most of the cases in this report.22 As a retrospective chart review, this study depends 

on the accuracy of clinical information available within the medical record. Not all patients 

had standard MMSE or MoCA assessments but subspecialty-trained movement disorders 

neurologists were responsible for all assessments, and the narrative record provided a 

clear indication of the presence of declining cognition. In future studies, implementation 

of comprehensive cognitive testing would allow stronger assessment of the relationship 

between quality/severity of dementia and pathology. Other factors to consider include the 

potential contribution of "cognitive reserve" in addition to potential other detrimental or 

protective factors in lifestyle, environment, etc. The cumulative effects of both protective 

and harmful factors throughout a person's lifetime are important in consideration of 

dementia risk. We have not included PD-MCI because the narrative record did not always 

provide sufficient information to diagnose this clinical entity. Selection bias of autopsy cases 

is unlikely to be a major issue. All patients in our center are routinely invited to participate 

in our brain donation program early in the course of their clinic involvement, regardless 

of clinical diagnosis. The greatest limitation is the relatively few number of DLB cases 

compared to PDD, likely reflecting the referral bias through our movement disorders center.

These observations provide useful information regarding the potential causes of dementia 

in LB diseases. Although neocortical LB disease appears to play a major role, it is 

neither necessary nor sufficient for development of dementia in people with PD. Other 

proteinopathies (tau and/or β-amyloid) may play a role in some patients but there may be 

other factors that have not yet been fully elucidated at this time.
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Figure 1. 
Raw data for age at death grouped by Braak Lewy body stage. DLB, PDD, and PDND 

diagnoses are indicated for each individual.
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Figure 2. 
Raw data for time course of disease grouped by PDD vs DLB diagnosis with estimated 

marginal means for time course of disease compared between PDD and DLB groups, 

derived from MANCOVA analysis adjusting for sex, race, and level of education. Error bars 

indicate 95% confidence intervals.
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Table 1.

Distribution of synucleinopathy by Braak Lewy body stage and basic demographics

Lewy body
stage*

(no. of patients)

Age at onset of
motor symptoms

(yr)
mean±SD

Age at onset
of dementia

(yr)
mean±SD

Duration of
motor symptoms

(yr)
mean±SD

Age at death
(yr)

mean±SD

PDND (37) 56.6 ± 14.6† - 17.0 ± 9.7 73.4 ± 11.5†

 Braak 3 (5) 62.5 ± 11.1 - 12.1 ± 5.8 74.6 ± 6.7

 Braak 4 (7) 63.9 ± 13.9 - 13.7 ± 9.8 77.6 ± 9.0

 Braak 5 (15) 56.1 ± 12.9 - 19.0 ± 10.6 75.1 ± 8.8

 Braak 6 (10) 49.4 ± 17.1 - 18.7 ± 9.7 68.0 ± 16.9

 

PDD (114) 62.4 ± 9.6 74.1 ± 6.8‡ 16.4 ± 6.5‡ 78.8 ± 6.0‡

 Braak 3 (1) 56 73 19 75

 Braak 4 (6) 60.1 ± 1.6 72.5 ± 7.0 16.1 ± 7.3 76.2 ± 6.1

 Braak 5 (34) 62.0 ± 11.0 73.1 ± 7.7 16.1 ± 7.3 77.9 ± 6.1

 Braak 6 (73) 63.0 ± 9.4 74.7 ± 6.4 16.5 ± 6.4 79.5 ± 5.9

 

DLB (14) 64.1 ± 8.5 64.9 ± 8.3 10.1 ± 4.1 74.2 ± 6.5

 Braak 3 (1) 64 64 4 68

 Braak 4 (1) 68 68 11 79

 Braak 5 (6) 61.9 ± 11.8 63.8 ± 11.7 12.4 ± 3.9 74.3 ± 9.3

 Braak 6 (6) 65.6 ± 6.0 65.7 ± 6.3 8.6 ± 3.6 74.2 ± 3.7

*
Lewy body stage according to Braak H, Del Tredici K, Rub U et al. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol 

Aging 2003; 24:197–211

†
indicates significant difference (prior to correction for multiple comparisons) between PDND and combined dementia group, p < 0.05

‡
indicates significant difference between PDD and DLB, p < 0.05
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Table 2.

A. Logistic regression model predicting diagnosis of dementia. For each pathological predictor, omnibus 

significance (via Wald χ2) is followed by odds ratios and significance for each predictor level. B. 

Supplemental model analyzing NIA-AA pathological categories comprising ADNC score as predictors of 

dementia.

A.

Pathology Odds Ratio (95% CI) Wald χ2 Significance

Lewy Body (Braak) 0.002*

Braak 4a 1.68 (0.16 – 18.08) 0.670

Braak 5a 7.46 (0.80 – 69.49) 0.078

Braak 6a 35.18 (3.21 – 385.64) 0.004*

ADNC 0.818

Lowb 1.33 (0.46 – 3.89) 0.601

Intermediateb 2.34 (0.42 – 13.11) 0.335

Highb † 0.999

CAA 0.427

Minimalb 0.35 (0.02 – 6.48) 0.478

Mildb 0.51 (0.15 – 1.72) 0.280

Moderateb 0.11 (0.01 – 1.10) 0.061

Severeb 0.47 (0.03 – 7.32) 0.590

Arteriolosclerosis 0.436

Mildb 2.67 (0.14 – 52.01) 0.518

Moderateb 1.83 (0.09 – 36.77) 0.694

Severeb 13.11 (0.30 – 575.3) 0.182

B.

Pathology Odds Ratio (95% CI) Wald χ2 Significance

β-amyloid 2.257 0.521

Score 1c 2.64 (0.731 – 9.51) 2.196 0.138

Score 2c 1.37 (0.33 – 5.67) 0.192 0.662

Score 3c 1.53 (0.13 – 17.44) 0.116 0.733

NFT 0.852 0.837

Score 1c 0.39 (0.045 – 3.34) 0.746 0.388

Score 2c 0.56 (0.043 – 7.36) 0.194 0.659

Score 3c † 3.0 x 10−6 0.999

Neuritic plaques 1.711 0.634

Score 1c 6.80 (0.39 – 120.1) 1.711 0.191

Score 2c † 4.0 x 10−6 0.998

Score 3c † 1.65 x 10−10 0.999

ADNC = Alzheimer disease neuropathologic change, CAA = Cerebral amyloid angiopathy, NFT = neurofibrillary tangles
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*
denotes significance at p = 0.05.

†
Odds ratio with 95% CI could not be calculated.

a
Contrast with Braak stage 3.

b
Contrast with “none”.

c
Contrast with score 0.
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Table 3.

Alzheimer Disease Neuropathologic Scores

AD Neuropathologic Change “ABC” Scores*

AD
Neuropathologic Change

Severity Scale

“A”
β-amyloid

“B”
Neurofibrillary

tangles

“C”
Neuritic
plaques

PDND (37)

0 13 4 36

1 14 28 1

2 7 5 0

3 3 0 0

 

PDD (114)

0 24 3 77

1 26 72 24

2 31 28 10

3 33 11 3

 

DLB (14)

0 2 1 9

1 5 8 2

2 3 4 3

3 4 1 0

*
Neuropathology scores according to Montine TJ, Phelps CH, Beach TG, et al. National Institute on Aging–Alzheimer’s Association guidelines for 

the neuropathologic assessment of Alzheimer’s disease: a practical approach. Acta Neuropathol 2012; 123:1–11
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Table 4.

Lewy body stage and level of Alzheimer disease neuropathologic change

Lewy body stage
(no. of patients)

Level of Alzheimer disease neuropathologic change*

Not Low Intermediate High

PDND (37)

   Braak 3 (5) 2 3 0 0

   Braak 4 (7) 1 6 0 0

   Braak 5 (15) 5 7 3 0

   Braak 6 (10) 5 4 1 0

  

PDD (114)

   Braak 3 (1) 1 0 0 0

   Braak 4 (6) 4 2 0 0

   Braak 5 (34) 10 18 5 1

   Braak 6 (73) 10 39 17 7

  

DLB (14)

   Braak 3 (1) 0 1 0 0

   Braak 4 (1) 0 1 0 0

   Braak 5 (6) 2 4 0 0

   Braak 6 (6) 1 1 3 1

*
Level of AD neuropathological change according to Montine TJ, Phelps CH, Beach TG, et al. National Institute on Aging–Alzheimer’s 

Association guidelines for the neuropathologic assessment of Alzheimer’s disease: a practical approach. Acta Neuropathol 2012; 123:1-11
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Table 5.

TDP-43 positivity, ARTAG and AGD in Parkinson patients categorized by dementia status and stratified by 

Braak Lewy body stage*

Lewy body stage TDP-43 positivity
No. of cases

(total assessed)

ARTAG
No. of cases

(total assessed)

AGD
No. of cases

(total assessed)

PDND

  Braak 3 0 (4) 0 (1) 0 (5)

  Braak 4 0 (4) 0 (3) 0 (7)

  Braak 5 0 (13) 1 (7) 1 (15)

  Braak 6 1 (8) 1 (4) 2 (10)

 

PDD

  Braak 3 0 (1) 0 (1) 0 (1)

  Braak 4 0 (6) 3 (5) 1 (6)

  Braak 5 2 (32) 10 (19) 1 (34)

  Braak 6 17 (58) 7 (18) 7 (73)

 

DLB

  Braak 3 0 (1) 0 (1) 0 (1)

  Braak 4 0 (1) 0 (1) 0 (1)

  Braak 5 1 (4) 0 (1) 0 (6)

  Braak 6 1 (5) 1 (2) 0 (6)

*
Lewy body stage according to Braak H, Del Tredici K, Rub U et al. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol 

Aging 2003; 24:197–211

TDP-43: TAR DNA-binding protein immunoreactive neuronal cytoplasmic inclusions

ARTAG: age-related tau astrogliopathy

AGD: argyrophilic grain disease

PDND: Parkinson disease without dementia

PDD: Parkinson disease with dementia

DLB: dementia with Lewy bodies
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