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A B S T R A C T

Background: Parkinson’s disease (PD) is a prevalent neurodegenerative disorder that manifests 
with both motor and non-motor symptoms, with α-synuclein misfolding recognized as a key 
contributor. Cognitive decline in advanced PD stages prompts interest in amyloid deposition, a 
hallmark of Alzheimer’s disease (AD), as a potential factor. This study explores the impact of 
β-amyloid (Aβ) pathology in PD patients on disease progression, aiming to elucidate the role of Aβ 
in PD development and progression.
Methods: This study included autopsy-confirmed PD patients with post-mortem analyses from the 
Parkinson’s Progression Markers Initiative. Comprehensive clinical assessments, including de-
mographic data, clinical features, CSF markers, and neuroimaging, were conducted. Statistical 
analyses assessed differences between groups based on the severity of AD neuropathological 
changes.
Results: All 16 PD participants exhibited severe Lewy body pathology, with 75 % displaying AD 
neuropathological changes. At baseline, PD patients with severe or moderate AD neuropatho-
logical changes had a lower Aβ42 levels (p = 0.022) and Aβ42/tau ratio (p = 0.001). Longitudinal 
follow-up data indicated that individuals with severe or moderate AD neuropathological changes 
exhibited a more rapid decline in MOCA score and BJLOT score, along with a quicker increase in 
MDS-UPDRS III score.
Conclusions: The study underscores the presence of severe Aβ pathology in PD, suggesting a role in 
accelerated disease progression. Cross-seeding between Aβ and α-synuclein may contribute to 
rapid clinical symptom progression. Further research is needed for a comprehensive under-
standing of neurodegenerative disease complexities and exploring potential therapeutic in-
terventions targeting protein aggregation.

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder, affecting 2–3% of the population aged 65 years 
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and older, and it is characterized by the gradual onset of both motor and non-motor symptoms [1,2]. Our current understanding of PD 
primarily revolves around the degeneration of dopamine-producing neurons located within the substantia nigra region of the midbrain 
[2]. Within this context, the misfolding of α-synuclein is regarded as a pivotal factor contributing to the pathogenesis of PD [3].

Cognitive decline frequently emerges as a significant issue in advanced stages of PD [4]. There is a prevailing hypothesis suggesting 
that amyloid deposition, typically considered the hallmark of Alzheimer’s disease (AD), contributes to cognitive impairments in 
synucleinopathies [5]. Several amyloid positron emission tomography (PET) imaging studies have provided evidence of amyloid 
deposition in individuals with synucleinopathies, including PD, PD with dementia, and dementia with Lewy bodies [6–8]. Further 
studies have confirmed that individuals who tested positive on amyloid PET scans exhibited the typical presence of diffuse β-amyloid 
(Aβ) plaques, neuritic plaques, and neurofibrillary tangle pathology [9,10]. This mixed pathology might contribute to a more intricate 
influence on the presentation of symptoms in patients and the progression of the disease.

However, there is currently a lack of relevant clinical research to explore this intriguing phenomenon. This study aims to include 
autopsy-confirmed patients for further investigation, exploring the impact of Aβ pathology in PD patients on the progression of the 
disease, including neuropsychiatric symptoms and motor symptoms, to elucidate the role of Aβ in the development and progression of 
PD.

2. Materials and methods

2.1. Participants

The data utilized in this study were sourced from the Parkinson’s Progression Markers Initiative (PPMI) database. PPMI is an 
international, multicenter cohort study with the objective of identifying biomarkers linked to the progression of PD [11–13]. The PPMI 
database encompassed static participant data, clinical presentation history, various non-motor assessments, biospecimen analyses, 
genetic results, medical history, image data analyses, and more. It followed rigorous protocols for data processing and quality control 
to ensure data reliability (https://www.ppmi-info.org/). Data collection across sites is standardized with strict adherence to protocols, 
including clinical assessments and biomarker collection. Clinical data undergo cleaning and outlier detection to maintain accuracy. 
Data were converted into standardized formats before being made available, ensuring consistency and facilitating downstream ana-
lyses. In this study, patients with detail post-mortem analyses were included. The inclusion criteria were an autopsy-confirmed PD 
diagnosis and the availability of baseline clinical and neuropathological data. The exclusion criteria were primary neuropathological 
diagnoses other than PD, lacked the presence of Lewy bodies, as well as incomplete clinical, pathological, or follow-up data.

2.2. Clinical assessments

We collected demographic data and clinical features of the participants, including age, sex, body mass index, history of hyper-
tension, and years of education. Disease severity was assessed using the Movement Disorders Society Unified Parkinson’s Disease 
Rating Scale (MDS-UPDRS) score and modified Schwab & England ADL Score (MSEADLG). Olfactory dysfunction was measured by the 
University of Pennsylvania Smell Identification Test (UPSIT). Sleep disturbances were evaluated with REM Sleep Behavior Disorder 
Questionnaire Score (RBDQ) and the Epworth Sleepiness Scale (ESS). Depression was evaluated with the Geriatric Depression Scale 
(GDS). Anxiety was evaluated with the State-Trait Anxiety Inventory (STAI). Cognitive function is evaluated using the Montreal 
Cognitive Assessment (MoCA) and Benton Judgement of Line Orientation Test (BJLOT). Autonomic dysfunction was evaluated with 
the Scales for Outcomes in Parkinson’s Disease-Autonomic (SCOPA-AUT).

The collection of cerebrospinal fluid (CSF) followed standardized lumbar puncture procedures. The CSF samples were subjected to 
analysis for total α-synuclein, β-amyloid 1–42 (Aβ42), tau, and Aβ42/tau ratio, as previously described [14,15]. Serum neurofilament 
light chain was quantified using the Simoa assay [16]. Additionally, data on serum uric acid measurements were collected.

Dopamine transporter (DAT) scan with the DAT tracer 123I-ioflupane was conducted following standard operating procedures at 
the baseline. Mean putamen binding ratio, mean caudate binding ratio, and mean striatum binding ratio were utilized in this study.

APOE alleles (ε2, ε3, and ε4) were determined utilizing TaqMan Assays or the NeuroX genotyping platform, specifically by 
examining rs429358 and rs7412 [17]. Further information can be found in the PPMI biologics manual.

2.3. Statistical analysis

The Kolmogorov–Smirnov test was used for normality testing. Continuous variables were presented as the mean ± SD [min - max], 
while categorical data were presented as frequencies (percentages). Comparisons between two groups were conducted using the in-
dependent t-test, Mann–Whitney U test, or Chi-square test, as appropriate. Two-tailed p-values were calculated for all analyses, with a 
significance level set at 0.05. Statistical analyses were performed using SPSS version 25 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Neuropathological assessment

This study enrolled 16 individuals diagnosed with PD. As illustrated in Table 1, all participants (16/16) exhibited severe Lewy body 
pathology, with 81.25 % (13/16) classified in Braak stage VI, and the remaining 18.75 % (3/16) in stage V. Interestingly, among the 16 
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participants, 12.5 % (2/16) showed severe AD neuropathological changes, 25 % (4/16) exhibited moderate changes, 37.5 % (6/16) 
displayed mild changes, and 25 % (4/16) showed no AD neuropathological changes. Glial cytoplasmic inclusions were not observed in 
any of the 14 participants. Limbic-associated TDP-43 encephalopathy was observed in 4 out of 14 participants. Chronic traumatic 
encephalopathy was not observed in any of the 16 participants.

3.2. Baseline assessment

The demographic and clinical features of all participants were summarized in Table 2. The participants were stratified into two 
groups according to the severity of AD neuropathological changes: group 1 consisted of individuals with none or mild changes, while 
group 2 comprised those with moderate or severe changes.

In group 1, the mean age was 66.3 ± 9.4 years, while in group 2, it was 68.2 ± 6.6 years. Both groups had similar baseline 
characteristics, including age, gender distribution, body mass index, history of hypertension, years of education, and scores on clinical 
assessments. CSF markers revealed a significant difference in Aβ42 levels between the two groups (p = 0.022), with group 1 showing 
higher levels compared to group 2. However, α-synuclein and tau levels did not significantly differ. The Aβ42/tau ratio was notably 
higher in group 1 compared to group 2 (p = 0.001). Serum markers, including uric acid and neurofilament light chain, showed no 
significant differences between the two groups. DAT scan data indicated similar mean caudate, putamen, and striatum uptake in both 
groups. For 193 healthy controls in the PPMI database, with a mean age of 60.8 ± 11.3, DAT scan data showed mean caudate values of 
3.0 ± 0.6, mean putamen values of 2.1 ± 0.6, and mean striatum values of 2.6 ± 0.6. APOE ε4 allele frequency was higher in group 2 
(66.7 %) compared to group 1 (20 %).

3.3. Longitudinal follow-up assessment

In this cohort of 16 participants, the cumulative follow-up duration reached 87 years, with an average follow-up period of 5.5 years. 
A comprehensive longitudinal follow-up was conducted to document the progression patterns of both motor and non-motor symptoms 
in these patients (Fig. 1). Through visualizing the follow-up data, we observed that individuals in group 2 exhibited a more rapid 
decline in MOCA score and BJLOT score, along with a quicker increase in MDS-UPDRS III score. Individuals in group 1 exhibited a 
quicker increase in GDS score and RBDQ score.

4. Discussion

The post-mortem neuropathological analyses revealed severe Lewy body pathology in all PD participants, with varying degrees of 
AD neuropathological changes. Baseline analysis indicated significant differences in Aβ42 levels and Aβ42/tau ratio between groups 
with distinct AD pathology severities, while other demographic and clinical features remained similar. Longitudinal follow-up 
demonstrated divergent motor and non-motor symptom progression patterns. These findings underscore the complex interplay be-
tween AD pathology and PD progression, emphasizing the need for further research to elucidate the mechanisms and potential 
therapeutic implications of these interactions.

Abnormal Aβ metabolism is regarded as a fundamental aspect in comprehending the pathophysiological mechanisms underlying 
AD [18]. The assessment of CSF Aβ levels continues to be the most valuable marker for diagnostic purposes and close association with 
developing new drugs for AD [19–21]. PD patients with severe or moderate AD neuropathological changes had lower Aβ42 levels at 
baseline in this study. Interestingly, several studies had reported lower baseline CSF Aβ42 levels can predict cognitive impairment in 
patients with PD [22–25]. Our longitudinal clinical correlation analyses may offer a partial explanation of predictive value of CSF Aβ42 
and provide further insights into the potential association between CSF Aβ42 levels and AD neuropathological changes in patients with 
PD. In addition, previous studies had reported approximately 80 % of PD patients were likely to experience dementia if they survive for 
20 years with the condition, with an average prevalence of about 40 % [26,27]. Our neuropathological findings indicate that 75 % of 
PD patients exhibited AD neuropathological changes, with 37.5 % displaying severe or moderate AD neuropathological changes. This 

Table 1 
Neuropathology results of post-mortem analyses in PD patients.

PD patients (n = 16)

Presence of Lewy body pathology, n (%)
severe 16 (100)
other 0 (0)

Braak stage, n (%) 
stage I - IV 0 (0)
stage V 3 (18.75)
stage VI 13 (81.25)

Presence of Alzheimer’s disease pathology, n (%)
none 4 (25)
mild 6 (37.5)
moderate 4 (25)
severe 2 (12.5)
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observation may partially explain the significant occurrence of dementia in PD patients with a prolonged disease condition. Kurkinen 
et al. discussed other avenues in AD research, including the presenilin hypothesis, synaptic glutamate signaling, and the role of as-
trocytes and the glutamate transporter EAAT2 in AD development [28]. This is a highly meaningful topic and that further investigation 
is warranted to determine whether these mechanisms contribute to the progression of clinical symptoms and comorbid pathological 
processes in PD.

All PD patients included in this study presented severe Lewy body pathology. Notably, those PD patients who also exhibited severe 
or moderate AD neuropathological changes demonstrated a more rapid progression in both motor and non-motor symptoms 
throughout the course of the disease. These findings suggest Aβ metabolism may be involved in the disease progression of these PD 
patients. This also raises the question of whether the co-occurrence of AD pathology and Lewy body pathology is the result of cross- 
seeding Aβ and α-synuclein, thereby further promoting the aggregation of each other, leading to rapid clinical symptoms progression. 
In fact, there is increasing attention towards the potential overlap in common pathological pathways between AD and PD. Studies 
conducted both in vivo and in vitro provided convincing evidence supporting a synergistic interplay between Aβ and α-synuclein 
deposition, with each promoting the aggregation of the other [29–33]. Hybrid oligomers of Aβ and α-synuclein have been detected in 
the brains of AD and PD patients, as well as in transgenic mouse models, indicating a direct interaction between these two proteins 
[34]. Molecular dynamics simulations also predicted the co-aggregation of Aβ and α-synuclein into hybrid oligomers [35]. Externally 
introduced Aβ42 at sub-lethal concentration induced increased α-synuclein aggregation in neuronal cells [36]. These findings un-
derscore the complex interplay between Aβ and α-synuclein, which may contribute to the progression of neurodegenerative diseases. 
On the other side, the proportions of amyloid positivity observed across the cognitive spectrum in PD are lower compared to those seen 
in AD and are more similar with levels observed in elderly controls [37]. This prompts a consideration of whether mild amyloid 
pathology could also affect PD progression. Due to data limitations, we did not separately analyze PD patients with mild AD patho-
logical features, which will be an important focus for future research.

In addition, given the high prevalence of concurrent Aβ pathology that we observed and its impact on symptoms, it is worth 
investigating whether the early administration of anti-AD related drugs can improve the prognosis of PD symptoms. Additionally, 

Table 2 
Demographic data and clinical features at baseline.

Group 1 (n = 10) Group 2 (n = 6) p value

Age (years) 66.3 ± 9.4 [49.2–77.3] 68.2 ± 6.6 [60.1–75.6] n.s.
Male, n (%) 6 (60) 3 (66.7) n.s.
BMI 24.8 ± 4.3 [20.0–31.6] 26.5 ± 5.0 [19.9–33.2] n.s.
Hypertension, n (%) 2 (20) 2 (33.3) n.s.
Education (years) 16.2 ± 4.5 [8–24] 17.3 ± 2.0 [14–20] n.s.
MDS-UPDRS total 42.2 ± 18.5 [17–54] 41.8 ± 14.3 [36–70] n.s.
MDS-UPDRS I 7.2 ± 6.0 [1–18] 8.3 ± 5.1 [2–16] n.s.
MDS-UPDRS II 8.2 ± 5.7 [2–17] 6.0 ± 3.3 [2–12] n.s.
MDS-UPDRS III 26.8 ± 12.2 [14–46] 27.5 ± 9.7 [20–46] n.s.
MSEADLG 88.0 ± 14.2 [50− 100] 87.5 ± 14.1 [60− 100] n.s.
UPSIT 15.3 ± 8.3 [5–32] 13.7 ± 6.1 [7–21] n.s.
RBDQ 3.3 ± 2.1 [1–8] 6.8 ± 4.3 [1–12] n.s.
ESS 7.7 ± 4.0 [3–14] 6.7 ± 2.3 [4–10] n.s.
GDS 2.9 ± 2.7 [0–8] 2.2 ± 2.1 [0–5] n.s.
STAI 74.4 ± 25.2 [42− 112] 66.5 ± 24.4 [43− 113] n.s.
MOCA 26.7 ± 2.4 [22–30] 26.2 ± 3.8 [20–30] n.s.
BJLOT 11.7 ± 2.3 [8–15] 12.0 ± 2.8 [8–15] n.s.
SCOPA-AUT 9.8 ± 7.1 [4–22] 8.3 ± 1.9 [6–11] n.s.
CSF markers

Aβ42 772.5 ± 200.1 [448.2–1006.0] 529.7 ± 130.0 [414.8–674.9] 0.022
α-syn 1172.3 ± 249.4 [856.9–1615.8] 1010.0 ± 229.9 [804.7–1326.1] n.s.
tau 143.6 ± 40.5 [87.7–217.1] 176.4 ± 60.6 [101.7–244.9] n.s.
Aβ42/tau ratio 5.5 ± 1.0 [3.6–6.6] 3.2 ± 0.9 [1.9–4.5] 0.001

Serum markers
uric acid 5.1 ± 1.1 [3.6–7.5] 5.0 ± 1.5 [3.6–7.3] n.s.
NFL 14.5 ± 6.0 [6.7–27.5] 17.9 ± 5.5 [11.3–24.6] n.s.

DAT scan
mean caudate uptake 1.6 ± 0.6 [0.4–2.4] 1.7 ± 0.6 [1.2–2.6] n.s.
mean putamen uptake 0.7 ± 0.3 [0.2–1.2] 0.7 ± 0.2 [0.5–1.0] n.s.
mean striatum uptake 1.2 ± 0.4 [0.3–1.7] 1.2 ± 0.4 [0.9–1.8] n.s.

APOE ε4 allele, n (%) 2 (20) 4 (66.7) n.s.

Group 1, individuals with no or mild pathological feature of Alzheimer’s disease; Group 2, individuals with moderate or severe pathological feature of 
Alzheimer’s disease; BMI, Body mass index; MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; MSEADLG, Modified 
Schwab & England ADL Score; UPSIT, University of Pennsylvania Smell Identification Test; RBDQ, REM Sleep Behavior Disorder Questionnaire Score; 
ESS, Epworth Sleepiness Scale; GDS, Geriatric Depression Scale; STAI, State-Trait Anxiety Inventory; MOCA, Montreal Cognitive Assessment; BJLOT, 
Benton Judgement of Line Orientation Test; SCOPA-AUT, Scale for Outcomes in Parkinson’s Disease-Autonomic; CSF, cerebrospinal fluid; Aβ42, 
β-amyloid 1–42; α-syn, total α-synuclein; NFL, Neurofilament light chain; DAT, dopamine transporter; n.s., not significant; Continuous variables are 
presented as Mean ± SD [min - max].
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further research should focus on revealing the mechanisms by which these proteins form disease-associated aggregates and ultimately 
testing specific anti-protein-aggregation agents.

In this study, there are major limitations that warrant consideration for future research. First, the sample size in this study was 
relatively small. It may reduce the statistical power of the study, making it difficult to detect subtle effects. The reliance on post- 
mortem data could introduce selection bias. This limitation suggests the need for larger cohorts and multi-center involvement in 
future investigations. Second, we solely analyzed the CSF marker data at baseline. The absence of multiple data points limited our 
ability to explore the longitudinal changes in CSF markers and their dynamic relationship with Aβ pathology over time. Future research 
should consider a more extensive data collection approach to capture these changes more effectively. Third, we currently lack autopsy 
data from healthy individuals or PD patients without AD neuropathological changes to establish control groups, which could further 
confirm our findings. Future research should focus on addressing this point and provide a more detailed understanding of the im-
plications of the association between the observed clinical changes and the underlying pathology.

In summary, our study expands on existing research by examining the impact of Aβ pathology on symptoms progression in PD 
patients. We analyzed data from autopsy patients with confirmed pathology, and our findings highlight the presence of more severe Aβ 
pathology in PD patients, which may contribute to an accelerated disease progression. Additionally, this study provides new insights 
into the complex interactions between AD and PD pathologies. Notably, the cross-seeding of Aβ and α-synuclein may potentially 
promote the aggregation of each other and leading to rapid clinical symptom progression. This research underscores the complexity of 
neurodegenerative diseases and calls for a more comprehensive understanding of the interactions between different pathologies, 
providing a foundation for future studies in this field.

Fig. 1. Progression patterns of motor and non-motor symptoms in PD patients with different Alzheimer’s disease (AD) neuropathological changes. 
Group 1 consisted of individuals with none or mild AD neuropathological changes (blue line), while group 2 comprised those with moderate or 
severe AD neuropathological changes (purple line).
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