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Abstract

Background—Reduced cerebrospinal fluid (CSF) α-synuclein has been described in 

synucleinopathies, including dementia with Lewy bodies (DLB). Common symptoms of DLB 

include visual hallucinations and visuospatial and executive deficits. Co-occurrence of Lewy body 

pathology is common in Alzheimer’s disease (AD) patients, but it is unknown if reduced CSF α-

synuclein is associated with Lewy body-like symptomatology in AD.

Objective—Determine associations between CSF α-synuclein and Lewy body-like 

symptomatology.

Methods—We included 73 controls (NC), 121 mild cognitive impairment (MCI) patients, and 61 

AD patients (median follow-up 3.5 years, range 0.6–7.8). We tested associations between baseline 

CSF α-synuclein and visual hallucinations and (longitudinal) cognition. Models were tested with 
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and without co-varying for CSF total tau (T-tau), which is elevated in AD patients, and believed to 

reflect neurodegeneration.

Results—Hallucinations were reported in 20% of AD patients, 13% of MCI patients, and 8% of 

NC. In AD, low CSF α-synuclein was associated with hallucinations. When adjusting for CSF T-

tau, low CSF α-synuclein was associated with accelerated decline of executive function (NC, 

MCI, and AD), memory (MCI and AD), and language (MCI).

Conclusion—The associations of low CSF α-synuclein with hallucinations and poor executive 

function, which are hallmarks of DLB, indirectly suggest that this biomarker may reflect 

underlying synuclein pathology. The associations with memory and language in MCI and AD 

suggests either that reduced CSF α-synuclein also partly reflects global impaired neuronal/

synaptic function, or that non-specific overall cognitive deterioration is accelerated in the presence 

of synuclein related pathology. The findings will require autopsy verification.
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INTRODUCTION

Alzheimer’s disease (AD) is associated with brain accumulation of amyloid-β (Aβ) and tau, 

and neurodegeneration [1], but co-occurrence of other pathologies is common [2–4]. About 

10–40% of AD patients have concomitant Lewy bodies composed of α-synuclein [2, 3, 5–

8], which may be partly responsible for the clinical heterogeneity of AD [9]. Analysis of 

cerebrospinal fluid (CSF) proteins may provide insight into mechanisms of 

neurodegenerative diseases, including disease heterogeneity [10]. CSF tau (total-tau, T-tau) 

and phosphorylated-tau (P-tau) are elevated in AD, where they may reflect the presence of 

neurodegeneration and neurofibrillary tangles (although it should be noted that several other 

diseases with neurodegeneration and tangles have normal levels of T-tau and P-tau), while 

CSF Aβ42 is reduced, likely due to peptide sequestration in senile plaques [11]. CSF α-

synuclein has been explored as an in vivo marker of disorders associated with α-synuclein 

aggregates in pathological lesions. Patients with synucleinopathies, e.g., Parkinson’s disease, 

dementia with Lewy bodies (DLB), and multi-system atrophy often have reduced CSF α-

synuclein compared to AD and controls [12, 13]. Although still controversial, this has been 

hypothesized to be due to protein entrapment in the brain parenchyma. In contrast, most 

[14–18] (but not all [19, 20]) studies of mild cognitive impairment (MCI) and AD have 

shown increased CSF α-synuclein in AD, correlating with increased CSF T-tau [18, 21]. In 

summary, α-synuclein pathology alone is often associated with reduced CSF α-synuclein, 

while AD pathology is most often associated with normal or increased CSF α-synuclein.

In AD, the relationship of CSF α-synuclein to DLB symptoms, including hallucinations, 

visuospatial impairment, and executive dysfunction [22–24] is unknown. Several autopsy 

studies (but not all [25]) have found higher rates of hallucinations, and worse visuospatial 

and executive performance in AD with Lewy bodies than in pure AD [26, 27]. Since 

reduced CSF α-synuclein may reflect brain synucleinopathy, it is possible that reduced CSF 

α-synuclein may also be associated with Lewy body-like symptoms. Few studies have tested 
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associations between CSF α-synuclein and neurological-cognitive symptoms, but one study 

found that low CSF α-synuclein was related to poor performance on the Mini-Mental State 

Examination (MMSE) and category fluency in DLB [28], and a previous Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) study found associations between low CSF α-

synuclein and accelerated cognitive decline when testing a mixed group of healthy controls, 

MCI, and AD [18]. In this study (on the same subjects as [18]), we tested, within each 

diagnostic group, the hypotheses that lower CSF α-synuclein levels are associated with 1) 

hallucinations, a core clinical feature of DLB, 2) worse visuospatial performance, as 

determined by the constructional praxis test in the Alzheimer’s Disease Assessment Scale-

Cognitive subscale (ADAS-cog), and 3) overall executive function, as determined by a 

composite cognitive score. We also tested associations between CSF α-synuclein and a 

composite memory score and the Boston Naming Test, since deficits of memory and 

language are less characteristic for DLB. Associations were tested at baseline and 

longitudinally. Furthermore, since we aimed to estimate effects of CSF α-synuclein that 

were independent of AD neurodegenerative changes, we co-varied all models for CSF T-tau.

METHODS AND METHODS

Study design

Data were obtained from the ADNI database (http://adni.loni.usc.edu/). The Principal 

Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and University 

of California San Francisco. ADNI is the result of efforts of many co-investigators from a 

broad range of academic institutions and private corporations, and subjects have been 

recruited from over 50 sites across the U.S. and Canada. For up-to-date information, see 

http://www.adni-info.org/

Participants

Our study population consisted of subjects from the ADNI-1 CSF sub-study with available 

CSF α-synuclein and hallucination data. Inclusion/exclusion criteria are described in detail 

at http://www.adni-info.org/. Briefly, all subjects included in ADNI-1 were between the ages 

of 55 and 90 years, had completed at least 6 years of education, were fluent in Spanish or 

English, and were free of any significant neurologic disease other than AD. NC subjects had 

MMSE score ≥24, and a Clinical Dementia Rating scale (CDR) score of 0. MCI subjects had 

MMSE score ≥24, objective memory loss as shown on delayed recall of the Wechsler 

Memory Scale Logical Memory II (>1.5 standard deviations below the normal mean), CDR 

of 0.5, preserved activities of daily living, and absence of dementia. AD dementia subjects 

fulfilled the National Institute of Neurological and Communicative Disorders and Stroke and 

the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) criteria for 

probable AD, had MMSE scores between 20–26, and a CDR of 0.5 or 1.0. All patients 

underwent a structured neurological examination. A clinical diagnosis of dementia was 

made by the local (site) clinician, and included all available information, such as history, 

neurological exam and cognitive testing. Classification of MCI was done by the site 

principal investigator following the Petersen criteria [29] to define amnestic and non-

amnestic subtypes, and results were adjudicated by a central committee. The site principal 

investigator and review committee used the detailed neuropsychological battery, the CDR, 
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and the Functional Assessment Questionnaire to help to make this diagnosis. Biomarker data 

were not used at sites to assign clinical diagnoses.

CSF biomarkers

CSF was collected at baseline by lumbar puncture, and shipped frozen in polypropylene 

tubes to the ADNI Biomarker Core laboratory at the University of Pennsylvania Medical 

Center for long term storage in −80°C. CSF Aβ42, T-tau, and P-tau was measured by xMAP 

with the INNOBIA AlzBio3 kit (Innogenetics, Ghent, Belgium) [30, 31]. CSF α-synuclein 

was measured using a xMAP bead-based assay by the Zhang laboratory at University of 

Washington [17, 18]. Only samples with CSF hemoglobin <200 ng/mL were used, to 

minimize the risk of contamination from blood-based α-synuclein [17]. Intra-assay CVs 

were <10%.

Clinical data

History of hallucinations was assessed using the informant-based Neuropsychiatric 

Inventory brief questionnaire form [32], with hallucinations confirmed or denied at every 

study visit. Constructional Praxis and Boston Naming Tests were administered and scored at 

every study visit according to the ADNI Procedures Manual (http://adni.loni.usc.edu). 

Composite scores aimed at measuring executive function and memory were defined 

previously [33, 34] as metrics with the mean 0 and the standard deviation 1, based on 

combinations of measures of executive function (Wechsler Adult Intelligence Scale-Revised 

(WAIS-R) digit symbol substitution, digit span backwards, trails A and B, category fluency, 

and clock drawing), and memory (Rey Auditory Verbal Learning (RAVL) Learning, RAVL 

Recall, two memory tasks from ADAS-Cog, WAIS R Logical Memory [immediate and 

delayed recall], and a recall task from MMSE). The executive score has been associated 

with progression to dementia, brain structure, CSF Aβ42, T-tau, and P-tau [33], and with 

Lewy body pathology in AD [8]. The memory score has been associated with progression to 

dementia and with brain structure [34].

Statistical analyses

Demographics were compared between groups using non-parametric tests (Mann-Whitney 

U or chi-square tests). α-synuclein data were log transformed and standardized. Associations 

between α-synuclein and demographic factors were evaluated using Mann-Whitney U tests 

and Spearman correlation tests.

For analysis of associations between α-synuclein and hallucinations, we used a binary 

variable (hallucinations reported in at least one study visit versus hallucinations denied at all 

study visits). This approach was used because hallucinations may be intermittent. Ordinary 

least squares linear regression models were tested with α-synuclein as the dependent 

variable and hallucinations as the independent variable, in each diagnostic group separately. 

Models where tested with and without adjusting for T-tau (and with and without adjusting 

for use of benzodiazepines and benzodiazepine-like hypnotic medications). For comparison, 

we also tested T-tau, P-tau, and Aβ42 as dependent variables.
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Analyses of α-synuclein and cognitive data were done using mixed effects models, 

estimating effects at baseline and longitudinally. For constructional praxis (score 0–5), few 

data points had scores >1 (0 : 669; 1 : 739; 2 : 79; 3 : 18; 4 : 4; 5 : 1). Because of the sparsity 

of the data in the upper cells, we dichotomized the score (0 versus >0). Effects were tested 

assuming a binomial response, with constructional praxis as the dependent variable, and α-

synuclein as the independent variable. For analysis of other cognitive data, we used linear 

mixed effects regression models. Each diagnostic group was tested separately. We evaluated 

regression models including the interactions α-synuclein × T-tau, α-synuclein × time, T-tau 

× time, and α-synuclein × T-tau × time (all main effects were also included). The three-way-

interaction and the interaction between α-synuclein and T-tau were non-significant in all 

models (with one exception in MCI as explained below) and were removed. The final 

models included the interactions α-synuclein × time, T-tau × time, and the main effects of α-

synuclein, T-tau, and time. Although the main objective was to assess α-synuclein, we also 

report model estimates for T-tau, when they were significant.

All regression models were adjusted for age, gender, and education, and all mixed effects 

models included a random slope and intercept. We assessed the applicability of models by 

evaluating the normality of residuals, associations between residuals and fitted values, and 

q-q plots. Statistical significance was determined at p < 0.05. All statistics were done using 

R (v. 3.0.1, The R Foundation for Statistical Computing). Mixed effects models were fit 

using the lme4 package (v. 1.0–5.) or the nlme package (v.3.1–111).

Ethics

Written informed consent was obtained from all participants and the study was conducted 

with prior institutional ethics approval.

RESULTS

The study included 73 NC, 121 MCI, and 61 AD patients (Table 1). There were no group 

differences in age, education, or gender, but there were more APOE ε4-positives in MCI and 

AD (p < 0.001). There were no associations between α-synuclein and demographic factors. 

Subjects were followed with multiple visits (up to 11) for a median of 3.5 years (range 0.6–

7.8 years). Seventeen NC progressed to MCI, 2 NC to AD, and 62 MCI to AD, while 3 

subjects reverted from MCI to NC, and 1 from AD to MCI. When used in combination with 

P-tau, T-tau, and Aβ42, reduced CSF α-synuclein was significantly associated with 

conversion from MCI to AD, as has been published previously [18].

Hallucinations

Hallucinations were reported by a total of 12 (20%) AD (9 at one visit, 3 at several visits), 

16 (13%) MCI (12 at one visit, 4 at several visits), and 6 (8%) NC subjects (5 at one visit, 1 

at several visits). Hallucinations were significantly associated with reduced α-synuclein in 

AD (Fig. 1). The results were similar when adjusting for T-tau, P-tau, and Aβ42, and when 

adjusting for use of benzodiazepines and benzodiazepine-like hypnotic medications (NC, n 

= 4; MCI, n = 6; AD, n = 4) (data not shown). There were no associations between 

hallucinations and T-tau, P-tau, or Aβ42 in any diagnostic group (data not shown).
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Executive function

Baseline and longitudinal executive function scores are shown in Table 1 and Fig. 2, left 

column. The three-way-interaction between T-tau, α-synuclein and time was marginally 

significant in MCI (p = 0.039), but a detailed examination did not reveal any conclusive 

associations, wherefore the interaction was removed. Poor baseline executive function was 

associated with low α-synuclein in MCI (β = 0.20, p = 0.033). T-tau was not associated with 

baseline executive function. Accelerated decline of executive function was associated with 

low α-synuclein (NC, β = 0.044, p = 0.0039; MCI, β=0.089, p = 0.0008; AD, β = 0.15, p = 

0.012) and high T-tau (NC, β = −0.054, p = 0.0005; MCI, β = −0.14, p < 0.0001; AD, β = 

−0.20, p = 0.0008).

Constructional praxis

Baseline and longitudinal constructional praxis scores are shown in Table 1 and Fig. 2, 

second column. There were no significant associations between α-synuclein and 

constructional praxis at baseline or longitudinally. High T-tau was associated with worse 

baseline constructional praxis in NC (OR = 2.4, p = 0.040) and AD (OR = 5.2, p = 0.029).

Memory

Baseline and longitudinal executive function scores are shown in Table 1 and Fig. 2, third 

column. Poor baseline memory was associated with low α-synuclein and high T-tau in MCI 

(β = 0.20, p = 0.0095; β = −0.31, p = 0.0001). Accelerated decline of memory was associated 

with low α-synuclein in MCI (β = 0.049, p = 0.024) and AD (β = 0.12, p = 0.0057), and high 

T-tau in all groups (NC, β = −0.033, p = 0.022; MCI, β = −0.097, p < 0.0001; AD, β = −0.16, 

p = 0.0006).

Language

Baseline and longitudinal language scores are shown in Table 1 and Fig. 2, fourth column. 

There were no associations between baseline language function and biomarkers. Accelerated 

decline of language was associated with low α-synuclein and high T-tau in MCI (β = 0.40, p 

= 0.017; β = −0.69, p = 0.0001).

DISCUSSION

The main findings were that 1) AD patients with hallucinations had reduced CSF α-

synuclein, and that 2) low CSF α-synuclein was associated with accelerated decline of 

executive function in NC, MCI, and AD. Low α-synuclein was also associated with 

accelerated decline of language in MCI, and memory in MCI and AD. High T-tau was 

associated with longitudinal decline in several cognitive domains. These findings, especially 

the fact that α-synuclein levels were reduced in AD patients with hallucinations, indirectly 

suggest an association between reduced α-synuclein and DLB-like symptomatology in AD 

dementia patients. The finding that low α-synuclein was associated with accelerated decline 

of memory and language is difficult to explain since these domains are not considered 

characteristic of DLB. However, it is consistent with previous data on overall accelerated 

cognitive deterioration in patients with the Lewy body variant of AD [9, 35]. It is also 

possible that α-synuclein may be reduced partly due to overall reduced neuronal/synaptic 
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function, as proposed in a study showing a correlation between low CSF α-synuclein and 

low MMSE in AD patients [20].

We are not aware of any previous study testing associations between hallucinations and CSF 

α-synuclein, but in a recent autopsy study, including some of the subjects in this paper, 

hallucinations were a strong predictor of co-incident Lewy body pathology in patients with 

AD pathology [8] (and subjects with Lewy body pathology had lower CSF α-synuclein than 

subjects without Lewy body pathology, but the difference was not significant, p = 0.13). 

Another autopsy study found that hallucinations were associated with DLB in early-stage 

dementia [22]. Studies of α-synuclein in AD have shown mixed results, both when 

comparing AD patients to controls, and when comparing AD with other dementias [14–16, 

19, 20, 28]. Such discrepancies may be due to methodological differences between studies. 

Another possibility is that CSF α-synuclein is oppositely affected by different forces. 

According to this theory, significant neurodegeneration increases CSF α-synuclein levels 

(very high levels are seen in Creutzfeldt-Jakob’s disease [19]), while synucleinopathy 

reduces levels (low levels are seen in Parkinson’s disease and DLB [19]). Previous studies 

on the subjects analyzed in this paper found increased CSF α-synuclein in MCI and AD 

[17], and correlations between CSF α-synuclein and T-tau [18], but no major associations 

between CSF α-synuclein and regional brain atrophy rates [36]. It should be stressed, 

however, that mechanisms regulating CSF levels of these biomarkers likely reach beyond 

what is proposed above, given that not all diseases with significant neurodegeneration, 

including those with significant tauopathies, demonstrate increased CSF α-synuclein levels 

(or even tau for that matter) [16].

The finding that low α-synuclein was associated with longitudinal decline in performance 

on executive function, which is characteristic of DLB [23], supports the link between 

reduced α-synuclein and a possible presence of α-synuclein pathology (although we did not 

find any association between α-synuclein and constructional praxis performance). It should 

be noted that the MCI subjects enrolled in ADNI were selected to mainly include patients 

with dominating amnestic symptoms. Amnestic MCI patients are at high risk for AD 

dementia, while non-amnestic MCI patients are at high risk for DLB [37]. Further studies of 

α-synuclein and Lewy body-like symptoms are therefore needed in mixed MCI populations. 

The association between low α-synuclein and accelerated decline in healthy controls may 

suggest that this biomarker detects preclinical Lewy body pathology, similarly to how CSF 

Aβ42 may be reduced in preclinical AD [38]. Importantly, these associations were mainly 

seen when models were adjusted for T-tau, consistent with the theory that α-synuclein is 

oppositely affected by Lewy body pathology and typical AD pathology where T-tau is 

consistently elevated [11, 39].

The results that T-tau was associated with accelerated decline of executive function (NC, 

MCI, and AD), memory (NC, MCI, and AD), and language (MCI), confirms previous 

studies linking high T-tau to increased risk for cognitive deterioration [40–43]. To our 

knowledge, no study has reported that reduced α-synuclein and increased T-tau are 

independently associated with cognitive decline. This supports the notion that α-synuclein 

and T-tau partly reflects different pathological processes.

Mackin et al. Page 7

J Alzheimers Dis. Author manuscript; available in PMC 2015 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The associations between low α-synuclein and accelerated decline of executive function and 

memory are in line with a previous analysis of the same cohort [18], although there are 

several differences between these studies. For example, Toledo and colleagues [18] did not 

assess hallucinations, constructional praxis, or language, and used other metrics for 

executive function and memory. The studies also differed in statistical methods, including 

grouping (α-synuclein in all subjects was tested simultaneously in [18], while this study 

tested each diagnostic group separately), specifications of the statistical models (especially 

regarding how correction for tau was carried out), and levels of details in the reported results 

(this paper reports the independent effects of both α-synuclein and T-tau). However, both 

these studies support that notion that effects of α-synuclein on cognitive measures should be 

evaluated while co-varying for T-tau (or P-tau [18]), to avoid masking of α-synuclein’s 

effects.

The main limitation of this study is the lack of autopsy confirmation of Lewy body 

pathology. Also, the small number of people with hallucinations gives low power to detect 

associations with α-synuclein in NC and MCI, and we cannot rule out that hallucinations in 

AD were provoked by medications not accounted for or by or medical or mental illness 

unrelated to neurodegeneration. Parkinsonism and REM-sleep behavior disorder reflect 

brainstem pathology, whereas there is evidence that visuospatial deficits and hallucinations 

reflect cortical pathology in DLB. Reduced CSF α-synuclein levels may reflect cortical 

aspects of the DLB syndrome [44, 45]. The ADNI study did not systematically assess 

Parkinsonism or REM-sleep behavior disorder; therefore we have incompletely assessed 

DLB. Nevertheless, our findings link CSF α-synuclein to a prominent aspect of the DLB 

phenotype, which has been shown to distinguish DLB and AD in clinical-pathological 

studies. Another limitation is that we did not analyze levels of neurotransmitters, like 

acetylcholine, which may be linked to hallucinations. However, despite the fact that all AD 

patients have cholinergic deficits, not all develop hallucinations and measuring acetylcholine 

in CSF has not proven diagnostic in AD or DLB. A combination of a cholinergic deficit and 

specific cortical pathology may predict hallucinations in DLB or Parkinson’s disease 

dementia [44].

CONCLUSIONS

Low CSF α-synuclein is associated with hallucinations in AD, and (when adjusted for T-

tau) with accelerated decline of executive function in NC, MCI, and AD, suggesting that 

reduced α-synuclein may reflect the presence of Lewy body pathology both in preclinical 

stages and in patients evaluated for cognitive decline. However, in AD and/or MCI, low α-

synuclein is also related to decline in memory and language functions, which suggest either 

that Lewy bodies (as reflected by low CSF α-synuclein) are related to accelerated overall 

cognitive deterioration in these subjects, or that CSF α-synuclein is reduced in relation to 

overall neuronal or synaptic loss. These findings motivate further analyses, especially 

including autopsy confirmation, and perhaps of cohorts enriched for visual hallucinations, to 

validate and extend our findings.
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Fig. 1. 
CSF α-synuclein and hallucinations. CSF α-synuclein (logarithmized, centered, and scaled) 

in people with or without a medical history of hallucinations (grouped by baseline 

diagnosis). The data is adjusted for age, gender, and education. β-coefficients and p-values 

are for the statistical effects of hallucinations on CSF α-synuclein in respective diagnostic 

group (tested by ordinary least square linear regression).
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Fig. 2. 
CSF α-synuclein and cognition. First column: Composite score for executive function. 

Executive function worsened with time in NC (β = −0.045, p < 0.0001), MCI (β = −0.20, p < 

0.0001), and AD (β = −0.26, p < 0.0001). Low α-synuclein was associated with accelerated 

decline in NC (p = 0.0039), MCI (p = 0.0006), and AD (p = 0.012). Second column: 

Constructional praxis (displayed as log odds, since scores were dichotomous and modeled 

using logistic regression). Higher scores indicate worse performance. Praxis performance 

worsened with time in NC (OR = 1.22, p = 0.013) and MCI (OR = 1.28, p = 0.018), but not 

in AD (OR = 0.94, p = 0.89). α-synuclein had no effects at baseline or longitudinally. Third 

column: Composite score for memory. Memory function worsened with time in NC (β = 

−0.047, p < 0.0001), MCI (β = −0.15, p < 0.0001), and AD (β = −0.25, p < 0.0001). Low α-

synuclein was associated with poor baseline memory in MCI (β = 0.20, p = 0.0095), and 

accelerated decline in MCI (β = 0.049, p = 0.024) and AD (β = 0.12, p = 0.0057). Fourth 

column: Boston Naming Test. Language function worsened with time in MCI (β = −0.83, p 

< 0.0001) and AD (β = −1.98, p < 0.0001), but not significantly in NC (β = −0.084, p = 

0.073). Low α-synuclein was associated with accelerated decline in MCI (β = 0.40, p = 

0.017). For visualization purposes, the graphs include fits from mixed effects models, 

showing the intercepts and slopes for subjects with a-synuclein above (dashed, triangles) or 

below (solid, circles) the median (but the coefficients and significances in this section are 

from models using continuous biomarkers). All models were adjusted for time, age, gender, 

education, T-tau, and the interaction between time and T-tau.
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Table 1

Demographics

Group NC MCI AD All

N 73 121 61 255

Gender, M:F (% F) 38 : 35 (48%)
p = 0.85

80 : 41 (34%)
p = 0.81

34 : 27 (44%)
p = 0.71

152 : 103 (40%)
p = 0.94

Age, y (mean, SD) 75.6 (4.9)
p = 0.12

74.0 (7.5)
p = 0.46

74.6 (8.4)
p = 0.92

74.6 (7.1)
p = 0.37

Education, y mean, SD) 15.9 (2.5)
p = 0.74

15.5 (3.0)
p = 0.12

15.3 (3.1)
p = 0.37

15.6 (2.9)
p = 0.12

APOE ε4, +:− (%+) 16 : 57 (22%)
p = 0.41

67 : 54 (55%)
p = 0.54

38 : 23 (62%)
p = 0.41

121 : 134 (48%)
p = 0.052

CSF α-synuclein, ng/mL (mean, SD) 0.43 (0.14) 0.50 (0.18) 0.56 (0.20) 0.49 (0.18)

Baseline constructional praxis 0 : 45, 1 : 28 0 : 50, 1 : 71 0 : 13, 1 : 48 0 : 108; 1 : 147

Baseline executive function (mean, SD) 0.67 (0.63) −0.017 (0.71) −0.94 (0.83) −0.041 (0.93)

Baseline memory function (mean, SD) 0.93 (0.48) −0.16 (0.60) −0.74 (0.53) 0.010 (0.83)

Baseline Boston Naming Test (mean, SD) 27.4 (2.8) 25.7 (4.2) 23.9 (5.3) 25.8 (4.3)

p-values are for associations with each variable and CSF α-synuclein (log), tested by Spearman correlation (age, education, MMSE, clock-drawing) 
or Mann-Whitney U test (gender, APOE genotype). Constructional Praxis is dichotomized (0 versus >0). Executive function and memory function 
are composite scores, defined as explained in [33, 34].
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