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Abstract

Introduction: Lewy body–related pathology is commonly observed at autopsy in indi-

viduals with dementia, but in vivo biomarkers for α-synucleinopathy are lacking.
Methods:Baseline cerebrospinal fluid (CSF) biomarkers, polygenic risk score (PRS) for

Parkinson’s disease (PRS-PD) andAlzheimer’s disease (PRS-AD), longitudinal cognitive

scores, and magnetic resonance imaging were measured in 217 participants from the

Alzheimer’s Disease Neuroimaging Initiative. Linear mixed models were used to find

the relationship of CSF biomarkers and the PRSwith cognition and cortical atrophy.

Results:Higher PRS-PD and PRS-ADwere associated with lower CSF α-synuclein and
amyloid beta (Aβ), respectively. Lower CSF α-synuclein and the interaction of CSF α-
synuclein and Aβwere associated with lower cognitive scores and global cortical atro-
phymost prominently in the occipital cortex.

Discussion: Lower CSF α-synuclein could be a biomarker for α-synucleinopathy, and
the simultaneous evaluation of CSF biomarkers for AD and CSF α-synuclein could

reveal the independent and interactive effects on cognition and cortical atrophy.

KEYWORDS

α-synuclein, Alzheimer’s disease, cerebrospinal fluid biomarkers, Lewy body disease, polygenic
risk score

1 INTRODUCTION

Dementia with Lewy bodies (DLB) is the second most common neu-

rodegenerative cause of dementia after Alzheimer’s disease (AD). Con-

comitant Lewy body (LB)-related pathology and Lewy body disease

(LBD) is observed in up to 60% of neuropathologic-confirmed AD
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cases,1,2 and is associated with more severe symptoms.3–5 Diagnos-

tic sensitivity for LBD or LB-related pathology in AD patients is sub-

optimal due to the absence of direct biomarkers for α-synuclein (α-
syn). Cerebrospinal fluid (CSF) biomarkers provide useful information

for AD and LBD.6,7 However, there are complex relationships between

CSF biomarkers for AD and CSF α-syn. Decreased CSF α-syn has
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been reported in patients with Parkinson’s disease (PD) and DLB,7

but increased in AD patients compared to controls and LBD patients.8

Therefore, CSF AD biomarkers need to be considered to find the clini-

cal implication of CSF α-syn.9,10

Recent genome-wide association studies (GWAS) in AD and LBD

revealedmultiple risk alleleswith small effect sizes.11–14 The polygenic

risk score (PRS) summarizes these genetic factors into one score. PRS

forADwasused to predict the ageof symptomonset, amyloid beta (Aβ)
deposition, and neuropathology.15,16 PRS for PD was associated with

the progression17,18 and striatal dopaminergic degeneration in PD.19

Although there is high genetic pleiotropy between AD and DLB,20,21

and the prevalence of mixed AD and LBD pathology is high, the impli-

cation of the PRS for α-synucleinopathy has not been evaluated simul-

taneously considering AD.

We evaluated the implication of CSF biomarkers for AD and CSF α-
syn by investigating their relationship with PRS for AD (PRS-AD) and

PD (PRS-PD). Then, we investigated the effects of CSF α-syn on cogni-
tive scores and cortical thickness using the Alzheimer’s Disease Neu-

roimaging Initiative (ADNI) cohort, using subjects with normal cogni-

tion (NC),mild cognitive impairment (MCI), anddementia.Wehypothe-

sized that CSF α-synwould be related to PRS-PD, and cognitive decline
and longitudinal cortical atrophy with LBD-specific patterns after con-

trolling for the effects of AD.

2 METHODS

2.1 Participants and CSF biomarkers

Data used in this article were obtained from the ADNI database.

Detailed methods for ADNI protocol for the diagnosis of NC, MCI, and

dementia are in Text S1 in supporting information.

Subjects with baseline CSF α-syn (n = 368) were included,

from which 149 with hemoglobin contamination (>200 ng/mL) were

excluded.9,10 Baseline AD CSF biomarkers, including tau, phosphory-

lated tau (p-tau), and Aβ1-42, were retrieved and if subjects had a CSF

Aβ1-42 level <192 pg/mL, they were considered Aβ positive.22 Pre-

calculated PRS-ADwas available from the ADNI.15 PRS-PDwas calcu-

lated, based on 48 single nucleotide polymorphisms (SNPs) of previous

GWAS,11,12 in 187 subjects (Figure 1).

2.2 Processing of genotyping data and calculation
of PRS

Genotyping of the study participants was conducted using an Illumina

Human610-Quad BeadChip array. The genetic relationship between

individuals was calculated using PLINK23 and those with first- or

second-degree relativeswere removed.Quality controlwasperformed

with the followingexclusion criteria: SNPsonnon-autosome, lowminor

allele frequencies (< 0.01), deviations from Hardy-Weinberg equilib-

rium (P < 1E-6), and high rates of missing genotypes (> 0.05). Popu-

lation structures were calculated using principal component analysis

after pruning steps and ancestry outliers were excluded.

HIGHLIGHTS

∙ Lower cerebrospinal fluid (CSF) α-synuclein (α-syn) was
associated with higher polygenic risk score (PRS) of

Parkinson’s disease (PD).

∙ Lower CSF α-syn and CSF α-syn × amyloid beta (Aβ) were
associated with cognitive dysfunction.

∙ LowerCSF α-syn andCSF α-syn×Aβwere associatedwith
widespread cortical atrophy.

∙ Higher PRS of PD was associated with thickening of the

cingulum.

RESEARCH INCONTEXT

1. Systemic review: The authors reviewed the literature

using PubMed. Although Lewy body-related pathology

is commonly observed at autopsy in individuals with

dementia, in vivo biomarkers for α-synucleinopathy are

lacking.

2. Interpretation: Decreased cerebrospinal fluid (CSF) α-
synuclein levels were associated with higher polygenic

risk scores designed for Parkinson’s disease after control-

ling the CSF tau and amyloid beta (Aβ) levels. After con-
sidering the effects of Alzheimer’s disease (AD) biomark-

ers, decreased α-synuclein was associated with cogni-

tive decline and cortical atrophy with Lewy body disease-

specific pattern, which had detrimental interactions with

Aβ.
3. Future directions: CSF α-synuclein could reflect α-

synucleinopathy after considering the effects of AD.

Future research with pathologic confirmation will be

needed.

Risk SNPs of PD were selected from two previous GWAS for

PD.11,12 Meta odds ratio of the risk alleles were obtained from the

PDgene database (https://www.pdgene.org). Genotyping data were

phased using SHAPEIT224 and missing SNPs were imputed using

IMPUTE2.25 After post-imputation filtering and clumping based on

linkage disequilibrium structures of samples, the final 48 SNPs were

selected (Table S1 in supporting information). PRS was calculated

by the summation of the number of risk alleles weighted by log-

transformedodds ratio fromeach individual. PRS forADwascalculated

based on 31 risk SNPs from survival analysis for age of symptom onset

using log hazard ratios as effect size.15

2.3 Neuropsychological assessment

Composite scores of attention, language, visuospatial function, mem-

ory, and executive function were calculated using z-transformed

https://www.pdgene.org
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F IGURE 1 Flowchart of the study participants. Aβ, amyloid beta;
AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging
Initiative; CSF, cerebrospinal fluid; PD, Parkinson’s disease; PRS,
polygenic risk score

scores of the Alzheimer’s Disease Assessment Scale-Cognitive Sub-

scale (ADAS-Cog) and a neuropsychological battery described in Text

S2 in supporting information. Mini-Mental State Examination (MMSE)

was included to evaluate general cognition.

2.4 Magnetic resonance imagin acquisition and
image processing

3DMPRAGE scans were acquired at 1.5 TeslaMRI. Details of themag-

netic resonance imaging (MRI) protocols are listed on the ADNI web-

site (http://adni.loni.usc.edu/methods/documents/mri-protocols/).We

selected minimally pre-processed T1-weighted MRIs (n = 384) that

underwent post-acquisition correction such as gradient warping, B1

calibration, intensity non-uniformity correction, and scaling for better

image analysis results. Low-quality scans identified in the csv fileswere

removed before the image processing.

Weprocessed theT1-weighted imageusing theCIVETpipeline (ver-

sion 2.1.1, http://mcin.ca/civet). Each subject’s image was linearly reg-

istered to the Montreal Neurological Institute standard space.26 The

images were tissue-classified and the inner and outer cortical surfaces

were extracted resulting in 40,962 vertex points per hemisphere.27 To

obtain intersubject correspondence, the surfaceswere registered to an

unbiased group template bymatching the sulcal folding pattern.28 Cor-

tical thickness was calculated using three-dimensional Laplace’s equa-

tionbetween the inner andouter surfaces and smoothedusing a30mm

full width at half maximum surface-based diffusion smoothing kernel.

All results from the anatomical pipeline were visually inspected by

three researchers (Y. Lee, S. Jeon, andB.S. Ye) whowere blinded to sub-

ject information for quality assurance.We excluded 36 subjects due to

image processing errors in brainmasking, tissue classification, and sur-

face reconstruction.Only subjectswith scans of at least two timepoints

were included. Finally, 332 scans of 108 subjects were used in the sta-

tistical analysis (Figure 1).

2.5 Statistical analysis

Statistical analyseswere performedusing IBMSPSSversion25.0 (SPSS

Inc.). An analysis of variance and chi-square test were used to compare

the demographic variables.We selected CSF tau rather than CSF p-tau

as previous studies have shown that CSF tau positively correlates with

CSF α-syn8,9 and that CSF tau and CSF p-tau are closely correlated (r

> 0.7) in our analysis. General linear models for each CSF biomarker

were used with the remaining CSF biomarkers as predictors to eval-

uate the relationship between PRS and CSF biomarkers. Covariates

included age, sex, and education.

Toevaluate theeffects ofPRSandCSFbiomarkersoncognitive com-

posite scores, we used linear mixed models for the composite scores

using the baseline CSF biomarkers, PRS-AD, PRS-PD, and year (follow-

up years from baseline) as predictors. Covariates included age, sex,

and education. Interaction terms were included in the final statistical

models if they were significantly associated with outcome variables.

To avoid multicollinearity, if a pair of variables had an r-value of > 0.7

and variance inflation factor of > 2.5 (Table S2 in supporting informa-

tion), those with higher statistical significance were selected. Accord-

ingly, Aβ1-42 × α-syn and tau × year were included as predictors in the

final model. P-values were corrected for multiple comparisons using

the false discovery ratemethod.

We used the SurfStat toolbox (http://www.math.mcgill.ca/keith/

surfstat/) for vertex-wise cortical thickness analyses. Linear mixed

models for cortical thickness were performed to evaluate the effects

of the predictors after controlling for age, sex, education, and intracra-

nial volume. Aforementioned criteria for multicollinearity were also

applied. We used the random field theory method (RFT, corrected P <

.05) to correct for multiple comparisons.29

3 RESULTS

3.1 Demographic and clinical characteristics

There were no significant differences in terms of baseline age, sex, and

education years among the NC, MCI, and dementia groups (Table 1).

http://adni.loni.usc.edu/methods/documents/mri-protocols/
http://mcin.ca/civet
http://www.math.mcgill.ca/keith/surfstat/
http://www.math.mcgill.ca/keith/surfstat/
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TABLE 1 Demographics, CSF biomarkers, and clinical characteristics of study participants

NC MCI Dementia P

Number 55 87 45

Age, year 75.8 (4.9) 73.8 (7.4) 74.6 (8.8) .302

Sex, female 25 (45.5) 27 (31.0) 20 (44.4) .146

Education, year 16.2 (2.3) 15.8 (3.1) 15.0 (3.2) .159

CSF biomarkers

Aβ1-42, pg/mL 213.0 (50.9)a,b 159.8 (51.2)a 152.2 (42.4)b < .001

tau, pg/mL 71.8 (29.4)a,b 96.8 (46.9)a,c 122.0 (66.4)b,c < .001

P-tau181p, pg/mL 22.8 (10.4)a,b 33.4 (15.7)a 37.6 (18.8)b < .001

α-syn, ng/mL 0.52 (0.14) 0.54 (0.14) 0.56 (0.15) .288

Aβ-positivity 18 (32.7)a,b 66 (75.9)a,c 39 (86.7)b,c < .001

Baseline cognitive scores

Attention –0.18 (0.88)b –0.40 (0.87)c -0.83 (0.61)b,c < .001

Executive function 0.05 (0.63)a,b –0.69 (1.00)a,c -2.16 (1.51)b,c < .001

Language –0.15 (0.69)a,b –0.78 (1.00)a,c -1.42 (1.07)b,c < .001

Memory –0.08 (0.59)a,b –1.28 (0.83)a,c -1.84 (0.57)b,c < .001

Visuospatial function –0.03 (0.66)a,b –0.63 (1.05)a,c -1.34 (1.07)b,c < .001

MMSE score 29.2 (0.9)a,b 27.0 (1.7)a,c 23.7 (1.9)b,c < .001

Genetic risk scores

PRS-PD 1.97 (0.17) 1.95 (0.23) 1.91 (0.20) .369

PRS-AD -0.10 (0.62)a,b 0.68 (0.78)a 0.86 (0.95)b < .001

MRI analysis 34 (61.8) 50 (57.5) 24 (53.3) .696

Abbreviations: α-syn, α-synuclein; Aβ, amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MCI, mild cognitive impairment; MMSE, Mini-Mental

State Examination;MRI, magnetic resonance imaging; NC, normal cognition; PD, Parkinson’s disease; PRS, polygenic risk score; p-tau, phosphorylated tau.

Notes: Results from the analysis of variance or chi-square test as appropriate. Data are expressed as themean (standard deviation) or number (%).

A significant difference betweenNC andMCIa, NC and dmentiab, andMCI and dementia groupsc.

The MCI and dementia groups had lower CSF Aβ1-42 and higher CSF

tau and p-tau levels than the NC group. The proportion of Aβ-positive
subjects was significantly higher in the MCI and dementia groups than

the NC group (Figure S1 in supporting information). CSF α-syn lev-

els were not different between the groups. The MCI group had bet-

ter and worse scores than the dementia and NC groups, respectively,

in MMSE, and neuropsychological composite scores for executive, lan-

guage, memory, and visuospatial domains. For the attention domain,

the dementia group had a worse score than the MCI and NC groups.

The MCI and dementia groups had higher PRS-AD than the NC group.

The three groups had comparable PRS-PD. Proportion of individuals

with availableMRI was not different among three groups.

3.2 Association between PRS and CSF biomarkers

CSF Aβ1-42 was independently associated with PRS-AD, CSF tau, and

CSF α-syn, while CSF α-syn was independently associated with PRS-

PD and CSF tau (Table S3 in supporting information). Lower CSF α-syn
was associated with higher PRS-PD but not with PRS-AD (Figure 2A

and 2B), while lower CSF Aβ1-42 was associated with higher PRS-AD

but not with PRS-PD (Figure 2C and 2D). CSF tau was not associated

with PRS-ADor PRS-PD (Figure 2E and2F). CSFα-syn positively corre-
lated with CSF Aβ1-42 and CSF tau. CSF tau negatively correlated with
CSF Aβ1-42.

3.3 Effect of CSF biomarkers and genetic risk
scores on cognitive composite scores

Lower baseline CSF α-syn, lower CSF Aβ1-42, and higher CSF tau were
independently associated with lower composite scores for language,

memory, visuospatial, and executive domains (Table 2). Higher PRS-AD

was associated with lower composite scores for language and memory

domains, while PRS-PD was not independently associated with cogni-

tive composite scores. Baseline CSF Aβ1-42 × CSF α-syn and CSF tau

× year had significant detrimental effects on composite scores for lan-

guage, memory, visuospatial, and executive domains.

Because CSF Aβ1-42 and CSF α-syn had detrimental interaction

effects on the composite scores, separate analyses were performed

on the Aβ-positive and Aβ-negative subgroups (Table S4 in supporting

information). In the Aβ-positive subgroup, lower CSF α-syn was associ-
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F IGURE 2 Association between cerebrospinal fluid (CSF) biomarkers and polygenic risk scores. Data are results of general linear models for
CSF α-synuclein (A and B), CSF β-amyloid (C andD), and CSF tau (E and F) using polygenic risk score-Alzheimer’s disease (PRS-AD), polygenic risk
score-Parkinson’s disease (PRS-PD), and other CSF biomarkers as predictors. Covariates included age, sex, and education. Each dot represents
individuals and predicted regression lines (black line) with confidence intervals (gray shade) are displayed

ated with lower composite scores for language, memory, visuospatial,

and executive domains. Higher tau was associated with lower compos-

ite scores for all cognitive domains. CSF tau and year had detrimental

interaction effects on the composite scores for all cognitive domains.

Higher PRS-AD was associated with a lower composite score for the

memory domain, while PRS-PDwas not independently associatedwith

composite scores. In the Aβ-negative subgroup, only CSF tau and year
had a detrimental interaction effect on thememory domain score.

3.4 Effect of CSF biomarkers and genetic risk
scores on vertex-wise cortical thickness

Vertex-wise cortical thickness analyses showed that lower baseline

CSF α-syn and lower CSF Aβ1-42 were associated with decreased cor-

tical thickness in the widespread cortical regions (Figure 3A). Higher

baseline CSF tau was associated with decreased cortical thickness in

the lateral parietal and inferior temporal and occipital cortices. CSF
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TABLE 2 Effects of CSF biomarkers and genetic risk scores on longitudinal cognitive scores

Attention Language Memory Visuospatial Executive

β (SE) P β (SE) P β (SE) P β (SE) P β (SE) P

Aβ1-42 0.01 (0.003) .032 0.02 (0.01) .007a 0.02 (0.003) < .001a 0.02 (0.005) < .001a 0.02 (0.01) < .001a

α-syn 1.90 (1.25) .130 7.36 (2.01) < .001a 6.15 (1.29) < .001a 7.69 (1.90) < .001a 9.01 (2.22) < .001a

Tau −0.002 (0.001) .107 −0.01 (0.002) < .001a −0.01 (0.002) < .001a −0.01 (0.002) < .001a −0.01 (0.003) < .001a

PRS-AD −0.07 (0.07) .349 −0.32 (0.12) .006a −0.31 (0.07) < .001a -0.11 (0.11) .301 −0.14 (0.13) .288

PRS-PD 0.08 (0.26) .749 −0.18 (0.42) .667 0.13 (0.27) .623 0.55 (0.39) .162 0.93 (0.47) .048

Aβ1-42 × α-syn −0.01 (0.01) .158 −0.03 (0.01) .010a −0.02 (0.01) .001a −0.03 (0.01) .003a −0.03 (0.01) .004a

Tau× Year −0.0004 (0.0002) .092 −0.002 (0.0003) < .001a −0.001 (0.0001) < .001a −0.001 (0.0002) < .001a −0.002 (0.0003) < .001*

Abbreviations: α-syn, α-synuclein; Aβ, amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; PD, Parkinson’s disease; PRS, polygenic risk score; SE,

standard error.

Notes: Data are the results of linear mixedmodels for longitudinal cognitive scores using CSF Aβ1-42, α-syn, and tau, PRS-AD, PRS-PD, Aβ1-42 × α-Syn and tau
× year as predictors. Covariates included age, sex, and education.
aSignificant after correction for multiple comparisons using the false discoverymethod.

α-syn × CSF Aβ1-42 and CSF tau × year had detrimental effects on

cortical thickness in the widespread cortical regions. Higher PRS-AD

was associatedwith decreased cortical thickness in the bilateralmedial

temporal cortices, while higher PRS-PDwas associated with increased

cortical thickness in the cingulate cortex.

Subgroup analyses performed in the Aβ-positive subgroup showed

that the effects of lower baseline CSF α-syn, higher CSF tau, the

interaction term of CSF tau × year, and PRS-AD were similar to those

observed in the analysis for overall participants (Figure 3B). The effect

of PRS-PDwasmore prominent andwidespread, in that higher PRS-PD

was associated with increased cortical thickness, mainly involving the

cingulate cortex. Subgroup analyses performed in the Aβ-negative
subgroup showed that the effects of baseline CSF α-syn and tau

were not significant (Figure 3C). CSF tau × year had detrimental

effects on cortical thickness in the temporal, parietal, and occipital

cortices.

3.5 Effect of CSF biomarkers and genetic risk
scores on mean lobar cortical thickness

Lower baseline CSF α-syn level was associated with lower mean corti-

cal thickness in all lobar regions (Table S5 in supporting information).

Lower baseline CSF Aβ1-42 was associated with lower mean occipital

cortical thickness, while higher baseline CSF tau was associated with

lower mean lobar cortical thickness in all lobar regions. CSF α-syn ×
CSF Aβ1-42 and CSF tau × year had detrimental effects on the mean

lobar cortical thickness in all lobar regions. PRS-AD and PRS-PD were

not associated with themean lobar cortical thickness.

Subgroup analyses of the mean lobar cortical thickness performed

in the Aβ-positive subgroup showed that higher baseline CSF tau and

CSF tau × year were associated with decreased cortical thickness in

all lobar regions (Table S6 in supporting information). The effects of

baseline CSF α-syn, PRS-AD, and PRS-PD were not significant. In the

Aβ-negative subgroup, only CSF tau × year had significant detrimental

effects on themean cortical thickness in all lobar regions.

3.6 Effect of PRS-PD on the mean cortical
thickness in the cingulate cortex

Because PRS-PD was associated with increased cortical thickness in

the cingulate cortex (Figure 3), the correlation of PRS-PD with mean

cingulate cortical thickness was evaluated using Pearson’s correla-

tion analyses (Figure 4). The positive correlation was significant in the

dementia (r = 0.548, P < .001) and Aβ-positive subgroups (r = 0.193, P

= .004), but not significant in theMCI, NC, and Aβ-negative subgroups.

4 DISCUSSION

In this study, we evaluated the implication of CSF α-syn as a biomarker

for α-synucleinopathy by evaluating its relationship with PRS for PD,

cognitive dysfunction, and cortical atrophy, simultaneously consider-

ing the effects of AD. The major findings of our study are as follows.

First, lower CSF α-syn and CSF Aβ1-42 were associated with higher

PRS-PD andPRS-AD, respectively. Second, lowerCSF α-syn, lowerCSF
Aβ1-42, and CSF α-syn × CSF Aβ1-42 were independently associated

withwidespread cognitivedysfunction. Third, lowerCSFα-syn andCSF
α-syn × CSF Aβ1-42 were associated with widespread cortical atrophy

most prominently in the occipital cortex. Fourth, higher PRS-PD was

associated with increased cortical thickness in the cingulate cortex.

Lower CSF α-syn was associated with higher PRS-PD. The sig-

nificant correlation between the PRS-PD and lower CSF α-syn sug-

gests that decreased CSF α-syn could be a biomarker reflecting α-
synucleinopathy. Previous studies found that CSF α-syn is lower in

patients with LBD compared to AD and control subjects.7 Similar to

the reduction in CSF Aβ1-42, which reflects increased Aβ deposition in
the AD brain, the aggregation and sequestration of α-syn in LB could

lead to a reduction of CSF α-syn in LBD. However, a previous study

showed that PRS for PD is not associated with CSF α-syn levels.30 This
discrepancy could be related to different alleles being used to calculate

thePRS, exclusion of sampleswithCSFhemoglobin contamination, and

further adjustment for CSF tau and Aβ1-42 in our study.
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F IGURE 3 Effect of CSF biomarkers and the genetic risk score on regional cortical thickness. A, Results are based on a linear mixedmodel for
voxel-wise cortical thickness using baseline CSF α-synuclein, CSF Aβ1-42, CSF tau, PRS-AD, PRS-PD, α-synuclein×Aβ1-42, and tau× year as
predictors after controlling for age, sex, education, and intracranial volume. B,C, Results for subgroups differing by Aβ positivity are based on a
linear mixedmodel without CSF Aβ1-42 and α-synuclein×Aβ1-42. Positive correlations were tested for Aβ1-42 and PRS-PD, while negative
correlations were tested for α-synuclein, tau, and PRS-AD. The RFTwas used to correct for multiple comparisons over thewhole cortical mantle. In
the p-maps, blue color indicates the brain regions where the RFT-corrected cluster P-values were significant; yellow to red indicates the brain
regions where the RFT-corrected vertex P-values were significant. Brain images are displayed in the neurologic convention. Aβ, amyloid beta; AD,
Alzheimer’s disease; CSF, cerebrospinal fluid; PD, Parkinson’s disease; PRS, polygenic risk score; RFT, random field theory

Simultaneous evaluation of CSF AD biomarkers and CSF α-syn was
important to find their relationship with neurodegeneration. Without

consideration for CSF α-syn × CSF Aβ1-42, CSF α-syn nor CSF Aβ1-42
was significantly associated with cognitive dysfunction and cortical

atrophy. Also, without consideration for CSF tau, the effects of CSF α-

syn × CSF Aβ1-42 on cognitive dysfunction and cortical atrophy were

not significant. CSF α-syn positively correlated with CSF Aβ1-42 and

CSF tau, while CSF tau negatively correlatedwith CSFAβ1-42. The pos-
itive correlation of CSFAβ1-42 andCSF α-syn could reflect a synergistic
relationship between α-synuclein and Aβ accumulation.31,32 The nega-
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F IGURE 4 Correlation of PRS-PDwithmean cingulate cortical thickness. Scatter plots of PRS-PD against mean cingulate cortical thickness in
separate subgroups according to (A) cognitive status and (B) Aβ positivity. Results are based on amixedmodel showing correlation betweenmean
cingulate cortical thickness and PRS-PD in each subgroup. Age, sex, years of education, and intracranial volumewere corrected. Gray dashed line
indicates the relationship without the group separation as a reference. The cingulate region was defined by a surface parcellationmap provided in
the anatomical pipeline (green area). Aβ, β amyloid beta; MCI, mild cognitive impairment; NC, normal cognition; PD, Parkinson’s disease; PRS,
polygenic risk score

tive correlation between CSF tau and CSF Aβ1-42 suggests the abun-

dance of AD pathology in the ADNI cohort.33 The positive correla-

tion between CSF α-syn and CSF tau, which was independent of the

AD-related CSF changes, has also been reported previously.7,9 Simul-

taneously increased CSF tau and α-syn levels could be CSF biomarkers

for neuronal damage causing a release of neuronal tau and α-syn into

the CSF. Because various etiologies including AD could cause neuronal

damage or elevation of CSF tau, our results suggest that the consider-

ation of CSF tau is needed for CSF α-syn to reflect α-synucleinopathy.
Supporting this point of view, a previous study also proposed that the

mismatch of high CSF p-tau and low CSF α-syn indicates the presence
of additional LB pathology in AD patients.9

We found that lower CSF α-syn, lower CSF Aβ1-42, and CSF α-syn
× CSF Aβ1-42 were independently associated with cognitive dysfunc-

tion in language, memory, visuospatial, and executive domains. This

finding is in agreement with previous autopsy-confirmed studies that

showed faster cognitive decline in patients with both AD and LBD

pathologies than those with pure AD pathology.3,5,34 However, to our

knowledge, this is the first study to report the significant synergistic

interaction effects of AD and α-synucleinopathy biomarkers on cog-

nitive dysfunction. In our previous imaging–clinical correlation study,

significant negative interaction was observed between AD and LBD

on cognitive dysfunction.35 In a previous autopsy–clinical correlation

study, patients with both AD and LBD pathologies had a lower rate

of progression than would be expected if each pathology indepen-

dently and additively contributed to progression.5 These differences

could be due to the lack of quantitative biomarkers for LB pathology in

imaging–clinical correlation studies, andmuch-advancedADpathology

in autopsy–clinical correlation studies that could overwhelm the effect

of co-occurring LB pathology. Considering the significant synergistic

interaction of α-syn and Aβ on the acceleration of neuropathology and
cognitive decline in a preclinical study,36 our results suggest the possi-

bility of CSF α-syn as a quantitative biomarker for α-synucleinopathy.
We also found that lower CSF α-syn and CSF α-syn × CSF

Aβ1-42 were associated with diffuse cortical atrophy. Lower CSF α-
syn was associated with decreased cortical thickness only in the Aβ-
positive subgroup. Contrastingly, lower CSF α-syn was associated with
increased cortical thickness in theAβ-negative subgroup, although sta-
tistical significance was not observed (Table S6). This interaction of α-
syn and Aβ1-42 on cortical thickness could explain previous discrepan-
cies in the distribution of cortical atrophy in LBD,37 which could be

related to participants’ Aβ burden. Notably, the effects of CSF α-syn
and CSF Aβ1-42 on cortical thickness were not significant without CSF
α-syn×CSFAβ1-42 (Table S7 in supporting information). Therefore, the

interaction of Aβ1-42 and α-syn on neurodegeneration must be consid-

ered.

Cortical thinning related to CSF α-syn and CSF α-syn × CSF Aβ1-42
was pronounced in parieto-occipital and temoporo-occipital cortices.

This posterior emphasis on cortical thinning is consistentwith previous

clinical–imaging correlation studies showing that occipital atrophy is
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associated with dementia37 and visual hallucinations38 in PD patients.

Furthermore, occipital LB pathology is associated with faster demen-

tia progression in PD patients, and non-AD type clinical diagnosis in

demented subjects with AD and LB pathology.39 A previous study also

showed a positive correlation betweenoccipital Aβdeposition and stri-
atal dopamine depletion in LBDpatients.40 Our results suggest a possi-

bility that the spreading of α-synucleinopathy and the interaction of Aβ
and α-syn could converge in the occipital cortex.

Higher PRS-PD was associated with increased cortical thickness in

the cingulate cortex. Our result may seem counterintuitive, as the con-

cept of neurodegeneration manifesting as cortical atrophy is widely

accepted. However, increased metabolism is observed in patients with

DLB involving the cingulate cortex,41 and in brain regions including

the somatomotor cortex, posterior putamen, and cerebellar vermis,42

whichnegatively correlateswith dopaminergic loss.43 Because the cor-

relation was significant only in the dementia subgroup, we can infer

that the relationship is not compensatory but pathologic. Although

several putative mechanisms, including LB-induced axonal swelling,44

neuroinflammation,45 and disinhibited synaptic synchrony46 could

explain the link between PRS-PD and increased cortical thickness,

future studies are warranted.

Higher CSF tau and its interaction with year showed detrimen-

tal effects on cognitive dysfunction and cortical atrophy. The topog-

raphy of CSF tau-related cortical thinning was similar to the corti-

cal thinning patterns of AD.47 Combined with a significant negative

correlation between CSF Aβ1-42 and CSF tau, our result supports

the previous suggestion that CSF tau levels could reflect AD-related

neurodegeneration.48,49 However, even in Aβ-negative subjects, the

interaction of CSF tau and year was associated with memory dysfunc-

tion (Table S4) and cortical thinning in the temporal and parietal cor-

tices (Table S6). This suggests that the dichotomization of Aβ status by
CSF Aβ1-42 could be problematic, especially when the effects of CSF α-
syn are considered. There is a possibility that subjects with concomi-

tant α-synucleinopathy could have symptom onset with subthreshold

Aβ deposition.
Our study has several strengths. First, we considered the effect of

AD and α-synucleinopathy simultaneously on cognition and cortical

thickness. As mixed pathologies are common in dementia, our results

could help us understand the independent and interaction effects of

each pathology. Second, our data included protein-level CSF biomark-

ers and genetic-level PRS of AD and PD.Our study also has several lim-

itations. First, we could not perform pathologic confirmation. Although

we showed a significant correlation between lower CSF α-syn and

higher PRS-PD, causal relationships among PRS-PD, lower CSF α-syn,
and LBD are not guaranteed. Second, PRS-PD was based on the sum-

mary statistics from two previous GWAS of PD,11,12 rather than the

currently updated study fromwhich the full summary statistics are not

publicly available.14 Third, we did not consider the effects of vascular

pathology.5 Further quantification of vascular burden could enhance

the understanding of mixed pathologies in dementia.

Overall, our findings suggest that simultaneous evaluation of CSF

biomarkers for AD and CSF α-syn was important to find their rela-

tionship with neurodegeneration, and CSF α-syn could be a biomarker

for α-synucleinopathy related with the genetic risk for PD. Signifi-

cant effect of CSF α-syn and its interaction with CSF Aβ1-42 on cogni-

tive dysfunction and cortical atrophy emphasize the importance of α-
synucleinopathy with or without AD in pathologic aging.
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