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Age at onset as stratifier in idiopathic Parkinson’s disease –

effect of ageing and polygenic risk score on clinical phenotypes
L. Pavelka 1,2✉, A. Rauschenberger 3, Z. Landoulsi4, S. Pachchek 1,4, P. May 4, E. Glaab 3, R. Krüger1,2,5✉ and on behalf of the
NCER-PD Consortium*

Several phenotypic differences observed in Parkinson’s disease (PD) patients have been linked to age at onset (AAO). We
endeavoured to find out whether these differences are due to the ageing process itself by using a combined dataset of idiopathic
PD (n= 430) and healthy controls (HC; n= 556) excluding carriers of known PD-linked genetic mutations in both groups. We found
several significant effects of AAO on motor and non-motor symptoms in PD, but when comparing the effects of age on these
symptoms with HC (using age at assessment, AAA), only positive associations of AAA with burden of motor symptoms and
cognitive impairment were significantly different between PD vs HC. Furthermore, we explored a potential effect of polygenic risk
score (PRS) on clinical phenotype and identified a significant inverse correlation of AAO and PRS in PD. No significant association
between PRS and severity of clinical symptoms was found. We conclude that the observed non-motor phenotypic differences in PD
based on AAO are largely driven by the ageing process itself and not by a specific profile of neurodegeneration linked to AAO in the
idiopathic PD patients.
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INTRODUCTION
Although considered as one disease entity, Parkinson’s disease (PD)
displays substantial clinical heterogeneity with various phenotypes
that translate into different combinations of both motor and non-
motor symptoms. To address this heterogeneity, the age at onset
(AAO) has been suggested as a key indicator associated with the
clinical profile and progression of PD1–3. Previous studies with
cross-sectional design have identified later AAO to be related with a
stronger motor as well as non-motor impairment suggesting that
late AAO is associated with higher progression rate of motor
symptoms and cognitive decline. Conversely, early onset PD has
been reported to show a specific disease profile with higher rate of
motor complications such as early dyskinesia and dystonia4–6.
Furthermore, both prospective7 and retrospective studies with
autopsy-proven PD8 have shown similar findings, but given the
heterogeneity of the study designs and various cut-offs used for
categorising AAO, the reproducibility of the findings is limited.
Despite reporting multiple AAO-related phenotypic differences, no
study so far has endeavoured to integrate the effect of the
physiological ageing process. Therefore, the associations between
AAO and severity of PD phenotypes require further analysis.
Apart from AAO, the concept of polygenic risk scores (PRS) in

sporadic forms of PD has recently been established to assess the
complex genetic architecture of PD beyond known rare familial
forms of PD with Mendelian inheritance of mutations in disease-
causing genes9. Even though PRS were reported to be significantly
negatively correlated with AAO10, potential effects of PRS on the
disease severity and the phenotypic profile have not yet been
explored in detail.
Previous studies focusing on the role of AAO in PD were limited

by (i) not addressing the concomitant effect of the physiological

ageing process on the clinical phenotype by modelling age-
related effects in a healthy control group, (ii) including relatively
small numbers of PD patients from highly specific subgroups (e.g.
drug naïve), (iii) using different AAO cut-offs across the studies and
(iv) lacking a detailed genetic profiling of the study sample to
exclude individuals with monogenic forms and variants present-
ing a genetic risk factor for developing PD. Therefore, our study
addresses these issues by combining a mono-centric idiopathic PD
dataset and healthy control group (HC) with detailed genetic data
with the aim (i) to investigate the effect of AAO on clinical
phenotype in idiopathic PD, (ii) to separate the PD-related ageing
effect from the natural ageing effect and finally (iii) to explore the
effect of the genetic background reflected by PRS on the disease
severity in idiopathic PD.

RESULTS
Effect of AAO on clinical outcomes in PD
Several traits in PD phenotypic profiles were found in association
with AAO. An overview of clinical outcomes, sociodemographic
characteristics and comorbidities among participants of the
Luxembourg Parkinson’s Study is shown in Tables 1 and 2. As
expected, the PD group comprised more males than females (67%
vs. 33%) with mean AAO of 61.8 ± 12.0 years and mean disease
duration since diagnosis of 5.5 ± 5.5 years. The mean age at
assessment (AAA) was 67.3 ± 11.0 years. To investigate the effects
of AAO on the clinical outcomes, a multiple regression analysis
adjusting for disease duration was performed with results shown
in Fig. 1. The overall motor disease severity as reflected by
modified H&Y, MDS-UPDRS III, frequency of falls and gait disorder
were all significantly positively associated with AAO. With regard
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to the motor complications of PD, no significant association of
AAO was found with total hours of dyskinesia/day, dystonia/day,
nor OFF time/day, however, a significant negative association of
AAO with the MDS-UPDRS IV total score was identified.
Additionally, SCOPA-AUT total score and Starkstein Apathy scale
had significant positive associations with AAO indicating that
patients with higher AAO experience more non-motor symptoms
including urinary incontinence. Cognition as reflected by the
MoCA score was significantly negatively associated with AAO
showing higher impairment in patients with an older AAO.
Similarly, AAO was significantly negatively associated with
olfactory dysfunction. All other putative associations were not
significantly associated with AAO as shown in Fig. 1.

Analysing the difference in ageing effect in PD vs HC
When investigating the effects of AAA and AAO on the clinical
phenotypes of PD, all associations were found to be comparable in
both models (cf. Table 3). The reason is the strong correlation
between AAA and AAO (statistically significant Kendall’s tau
ρ= 0.73, see Supplementary Fig. 1). To investigate an effect of
physiological ageing on the PD phenotypes, we also included the
HC group into the regression models. When investigating the
ageing-associated effects in PD, we determined a significant
positive association in PD between AAA and H&Y, MDS-UPDRS III,
frequency of falls and urine incontinence, SCOPA-AUT, Starkstein
Apathy Scale as well as significant negative association between
AAA and MoCA and Sniffin’ Stick test (cf. Table 3). Similarly in the
HC group, we found a significant positive association between
AAA and MDS-UPDRS III, SCOPA-AUT, Starkstein Apathy Scale,
frequency of urine incontinence and gait disorder as well as
significant negative association between AAA and MoCA and
Sniffin’ Stick test as demonstrated in Table 4. Surprisingly, after
comparing the ageing effect between PD vs HC (i.e. comparing
effect of AAA on the clinical variables; see Table 5, column
AAA:status), the only significant differences between PD and HC
were found for H&Y, MDS-UPDRS III, MDS-UPDRS IV and MoCA

indicating that the concomitant ageing process might be the main
determinant of the non-motor PD phenotypic differences when
studying the isolated effect of age in PD.

Correlation between AAO and PRS and its effect on severity of
the PD phenotype
Using a polygenic risk score defined by the imputed genotypic
data from the Luxembourg Parkinson’s Study and the summary
statistics of 90 single nucleotide polymorphisms (SNP) that were
previously identified to be genome-wide significantly associated
with PD risk, we identified a significant negative correlation
between PRS and AAO as shown in Fig. 2. However, neither
Kendall’s tau correlation test for continuous variables nor
Mann–Whitney U test for binary variables estimating the effect
of PRS on clinical outcomes nor multiple regression models
including PRS adjusted for AAA and disease duration showed
effects of PRS on the severity of the clinical phenotype as
demonstrated in Tables 6 and 7 respectively.

DISCUSSION
The presented cross-sectional analysis of PD patients and HC at
the baseline clinical visit uses data from one of the largest
ongoing observational studies, focusing on PD with demographic
and clinical parameters corresponding closely to other recently
published large PD datasets11–13. In our study, we have identified
several significant associations of different PD-associated motor
and non-motor symptoms with AAO using a comprehensive set of
clinical assessments. This is in line with previous cross-sectional,
retrospective and prospective studies suggesting that later onset
PD is associated with a more rapid progression rate of motor
symptoms4,11,14,15. Conversely, comparing to the Cardiff
community-based PD longitudinal cohort16 and the longitudinal
study at the Movement Disorders Clinic Saskatchewan4, both
demonstrating higher frequency of dyskinesia, motor fluctuations
and dystonia in the younger onset groups vs. older onset groups,

Table 1. Overview of sociodemographic characteristics of study dataset including comorbidities and polygenic risk score with p values from
Mann–Whitney U test for numerical variables and Fisher’s exact test for binary variables.

HC n= 556 PD= 430

Demographic, PRS and comorbidities Mean or YES in % SD or NO/YES n.a. Mean or YES in % SD or NO/YES n.a. p value

Gender (male)* 56% 243/313 0 67% 142/288 0 7.8e−04″
Age at onset (years) – – 556 61.84 11.99 0 –

Age at assessment (years) 59.61 11.78 0 67.30 11.04 0 6.8e−23″
Disease duration since diagnosis (years) – – 556 5.49 5.54 0 –

Years of education 14.27 3.88 5 13.09 4.10 0 5.4e−06″
Family history of parkinsonism* 26% 408/146 2 25% 324/106 0 5.6e−01

Family history of dementia* 32% 373/178 5 24% 325/103 2 5.4e−03′

Polygenic risk score for PD −0.21 0.91 6 0.16 0.94 6 7.1e−09″
De novo* – 0/0 556 8% 395/35 0 –

Treatment with DBS* 0% 556/0 0 5% 410/20 0 4.8e−08″
History or presence of RLS* 6% 520/36 0 9% 392/38 0 1.8e−01

Diabetes (type not specified)* 6% 523/33 0 10% 385/45 0 1.2e−02′

Arterial hypertension* 33% 375/181 0 44% 239/191 0 1.6e−04″
Cardiovascular disease* 9% 504/52 0 21% 340/90 0 3.8e−07″
Hypercholesterolemia* 38% 347/209 0 42% 248/182 0 1.5e−01

History of stroke* 3% 539/17 0 5% 410/20 0 2.4e−01

Single and double ticks indicate significance at the 5% level and the Bonferroni-adjusted 5% level respectively. The binary variables are annotated by asterisk.
n.a. corresponds to total number of missing values per variable, PD Parkinson’s disease, PRS Polygenic risk score, HC Healthy controls, DBS Deep brain
stimulation, SD Standard deviation.
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we could not identify such associations with AAO. Only an overall
burden of motor complications reflected by MDS-UPDRS IV score
was significantly negatively associated with AAO in our study. The
significant positive association of olfactory dysfunction and
significant negative association of cognitive performance with
AAO observed in our study correlate with previous findings17,18

and in terms of cognitive impairment it might point to a
decreased ability of senescent brain to cope with the pathological
neurodegenerative process known as cognitive resilience19.
Additionally, another large multi-centric study using the Quebec
Parkinson Network (QPN) dataset of over 1000 PD individuals
showed comparable results with a positive association between
late-onset PD and higher motor burden reflected by H&Y, higher
cognitive decline and higher frequency of falls, but differed on
significantly higher frequency of constipation and hallucinations
late-onset PD (defined as AAO > 50 years) compared to early onset
PD11. However, most scales applied in QPN differ from our study
and different categorical approaches were used in QPN both for
AAO and disease duration, influencing the comparability of results.
To summarise our results, the earlier AAO, patients experience a

lower level of motor impairment, lower cognitive impairment and
less global autonomic dysfunction, apathy and olfactory deficit,
but present with more motor complications even after adjusting
for disease duration as a main determinant of disease severity.
These phenotypic differences observed in PD based on different

AAO were previously not clearly separated from the physiological
ageing process and challenged the concept that phenotypic
differences are related specifically to the age at which the disease
first manifests. This intriguing aspect evolves from the inherent
close correlation between the main co-variates (AAA, AAO and
disease duration) and thus raises a major methodological concern
in most of the cross-sectional studies when aiming at determining
the effect of all three co-variates on the clinical outcomes in a
single model as discussed by Johnson et al. 200220. Therefore, we
tried to disentangle the effect of ageing on the clinical phenotype
in the cross-sectional setting by determining the ageing effect in
individuals with and without PD. Surprisingly, the effect of ageing
(AAA) on clinical outcomes in PD vs HC differed significantly only in
motor disease severity (H&Y, MDS-UPDRS III), motor complications
(MDS-UPDRS IV) and cognitive performance. These results suggest

Table 2. Overview of dataset with clinical variables in healthy control group (HC) and Parkinson’s disease patients (PD) with p values from
Mann–Whitney U test for numerical variables and Fisher’s exact test for binary variables.

HC n= 556 PD= 430

Clinical symptoms and scales Mean or YES in % SD or NO/YES n.a. Mean or YES in % SD or NO/YES n.a. p value

H&Y 0.00 0.00 2 2.24 0.81 2 1.5e−196″
MDS-UPDRS III 3.45 4.76 6 34.70 17.02 9 3.1e−150″
MDS-UPDRS II 1.21 2.37 6 11.69 8.32 8 6.2e−126″
LEDD (g/day) 0.0035 0.037 0 0.53 0.42 0 7.5e−160″
Gait disorder* 2% 546/10 0 57% 185/245 0 6.9e−97″
Repetitive falls* 1% 552/4 0 18% 351/79 0 1.1e−25″
MDS-UPDRS IV 0.00 0.00 4 1.88 3.52 5 1.4e−43″
Dyskinesia/day (hours) 0.00 0.00 0 0.69 2.73 1 1.2e−21″
OFF time/day (hours) 0.00 0.00 0 0.53 1.44 2 3.3e−34″
Dystonia/day (hours) 0.00 0.00 0 0.048 0.22 2 6.8e−12″
Dyskinesia* 0% 556/0 0 13% 375/55 0 1.9e−21″
Motor fluctuations* 0% 556/0 0 17% 357/73 0 1.1e−28″
Freezing of gait* 0% 556/0 0 23% 331/99 0 1.6e−39″
MoCA 27.03 2.55 3 24.28 4.41 8 4.4e−28″
Sniffin’ stick test 12.86 2.39 2 8.03 3.41 13 1.6e−94″
PDQ-39 10.31 13.20 16 39.69 26.31 39 1.3e−80″
SCOPA-AUT 7.34 5.81 16 14.82 8.02 21 6.9e−53″
MDS-UPDRS I 4.58 4.42 9 10.47 7.04 10 9.0e−51″
BDI-I 5.29 5.03 15 9.97 7.11 23 2.3e−30″
Starkstein Apathy Scale 9.41 4.71 16 13.93 5.70 26 8.2e−35″
PDSS 122.81 19.61 13 105.17 23.85 28 2.3e−34″
Probable RBD* 8% 496/42 18 24% 305/95 30 1.2e−11″
Excessive daily sleepiness* 3% 541/15 0 30% 299/131 0 2.4e−36″
Insomnia* 8% 514/42 0 24% 327/103 0 9.1e−13″
Hallucinations* 0% 554/2 0 17% 357/73 0 1.2e−25″
Impulse Control Disorder* 0% 555/1 0 9% 392/38 0 1.8e−13″
Orthostatic hypotension* 6% 525/31 0 27% 312/118 0 8.2e−22″
Dysphagia* 1% 552/4 0 25% 323/107 0 5.6e−37″
Constipation* 5% 528/28 0 42% 250/180 0 3.6e−47″
Urinary Incontinence* 5% 530/26 0 32% 293/137 0 3.6e−31″

Single and double ticks indicate significance at the 5% level and the Bonferroni-adjusted 5 % level respectively.
Clinical symptoms and scales are described in Supplementary Material. The binary variables are annotated by asterisk.
n.a. (not acquired) corresponds to total number of individuals with missing value, SD Standard deviation.
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that the majority of the observed significant non-motor phenotypic
differences in PD should be attributed rather to the physiological
ageing process itself than age-specific dynamics of PD.
When considering the effect and role of AAO and age in

classification of the respective PD phenotypes, potential under-
lying genetic determinants need to be considered. It is well known
that rare disease-causing mutations in monogenic PD (e.g. in
PARKIN, PINK1, SNCA or GBA21–23) have an effect on both AAO and
PD phenotype. However, until now only few studies have explored
the cumulative effects of common genetic variants with small
effect sizes (as defined by PRS) on the clinical phenotype24. Here
our results are in line with several recent studies observing no
significant association between PRS and cognitive decline, severity
of motor symptoms25 or ICD26 in contrast to other longitudinal
prospective study27. It is worth noting that our statistical models
included individuals without any known PD causing monogenic
mutation or genetic risk variant (i.e. PD-associated variants in the
GBA gene). Nevertheless, the significance of the PRS effect on
clinical outcomes did not change in the models including PD-
associated mutation or genetic variant carriers. Together with the
significant negative correlation between AAO and PRS (cf. Fig. 2),
our findings suggest that PRS may increase the risk to develop PD
but might not have an effect on the severity of the disease
phenotype. This observation is in favour of the hypothesis that
initiation of the disease on one hand and the disease progression
rate on the other might be driven by distinct factors.
Besides the mentioned strengths of our study design, several

limitations need to be considered. First, the cross-sectional design
does not allow for the identification of causal relations between
AAO and clinical phenotypes. Second, we cannot consider the
Luxembourg Parkinson’s Study as community-based by design,

although some clinical indicators (such as mean AAO and male-to-
female ratio) correspond closely to several community-based
studies28–31. Third, we observe a relatively high frequency of
positive family history of parkinsonism in the HC group (26% vs.
25% in PD) as well as high frequency of a family history of
dementia in HC (32% vs 24%). We assume that there are two
principal reasons why we observe increased frequencies of
neurodegenerative diseases in HC group: (i) HC with personal
experience with parkinsonism and/or dementia in their family are
more aware to support research and (ii) family members of study
participants are more inclined to participate in the study. To
address these points and eliminate a potential bias, we excluded
1st, 2nd and 3rd degree relatives from our statistical models.
In summary, our study sought to overcome limitations

identified in previous studies on the role of AAO in PD by (i)
including substantially higher number of PD patients and HCs in
the model accounting for the independent effect of ageing, (ii)
our study being based on monocentric data collection and
including PD patients of all disease stages regardless of the
cognitive status, (iii) investigating an idiopathic dataset of PD
and PD-related mutation free HC, (iv) refuting the categorisa-
tion bias by a priori arbitrary AAO grouping, and finally (v)
exploring the effect of PRS on severity of the PD phenotype in a
large genotyped sample.

METHODS
Study population
All subjects were recruited from March 2015 until 10th December 2020 in
the frame of the nation-wide monocentric observational longitudinal
Luxembourg Parkinson’s Study. The diagnosis of PD was based on

Fig. 1 Forrest plot with estimated coefficients and corresponding confidence intervals (±1.96 × standard error) for AAO, from linear/
logistic regression of numerical/binary outcome on disease duration and AAO. The colour blue indicates significant negative effects of AAO
on the clinical outcome, and the colour red indicates significant positive effects at the Bonferroni-adjusted 5% level. The binary variables are
annotated by asterisk. Clinical symptoms and scales are described in Supplementary Material.
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UKPDSBB diagnostic criteria32. The initial visit dataset of 430 PD patients
and 556 HC genetically screened by both NeuroChip and PacBio were
analysed after exclusion of 6 PD and 39 HC individuals for 1st, 2nd and 3rd

degree relationships and after exclusion of 53 PD carriers and 27 HC
carriers of pathogenic PD-associated variants. The overall study design,
inclusion and exclusion workflow are illustrated in Fig. 3.
All participants taking part in Luxembourg Parkinson’s Study agreed

and signed a written informed consent. The study has been approved
by the National Ethics Board (CNER Ref: 201407/13). The patients with
PD were included regardless of the disease duration, cognitive status,
age or disease stage. The HC were partially recruited from the pool of
independent observational studies in Luxembourg (ORISCAV-LUX study;
EHES-LUX) or were recruited from Luxembourg or the surrounding area
of Greater Region based on individual interest not meeting any of the
exclusion criteria (presence of a neurodegenerative disorder, active
cancer; age under 18 and pregnant women)33.

Clinical assessment and data. A description of the design of the
Luxembourg Parkinson’s Study was previously published33. Sociodemo-
graphic characteristics and clinical outcomes validated for PD were chosen
from the basic clinical assessment battery and listed in Tables 1 and 2.
Validated self-administered questionnaires and scales for PD were used. All
patients have been evaluated in medication ON state and where
applicable, in deep brain stimulation ON state. AAO is defined as age at

diagnosis of PD. The clinical symptoms as scales are defined in detail in the
Supplementary material.

Missing data statement. The absolute number of missing data per
variable are shown in Tables 1 and 2. Given the low proportions of
missing values in the outcome variables and 0% of missing values in the
co-variates (AAA, AAO and disease duration), we used a pairwise
deletion for all statistical models.

Genotyping and quality-control analyses. DNA samples were genotyped
using the NeuroChip array (v.1.0 and v1.1; Illumina, San Diego, CA) that was
specifically designed to integrate rare and common neurodegenerative
disease-related variants34. Quality-control (QC) analysis was performed as
follows: samples with call rates < 95% and whose genetically determined
sex deviated from reported sex in clinical data were excluded from the
analysis, and the filtered variants were checked for cryptic relatedness and
excess of heterozygosity. Samples exhibiting excess heterozygosity (F
statistic > 0.2) and first-degree relatedness were excluded. Once sample QC
was completed, SNPs with Hardy−Weinberg equilibrium P value < 1E−6,
and missingness rates >5% were excluded. All samples except for twelve
from all individuals entering the analysis after exclusion of the 1st, 2nd and
3rd degree relatives and presence of PD-linked mutation and genetic risk
factors passed the QC (424 PD and 550 HC). The data were then imputed
using the Haplotype Reference Consortium r1.1 2016 and the Michigan

Table 3. Multiple regression of clinical outcomes on age at onset (AAO), age at assessment (AAA) and disease duration for Parkinson’s disease group.

Clinical symptoms and scales Intercept Disease duration AAA Intercept Disease duration AAO Intercept AAA AAO

H&Y 0.23 0.05″ 0.03″ 0.23 0.07″ 0.03″ 0.23 0.07″ −0.05″

MDS-UPDRS III 5.95 0.76″ 0.36″ 6.04 1.13″ 0.36″ 5.98 1.13″ −0.76″

MDS-UPDRS II 2.38 0.63″ 0.09′ 2.39 0.72″ 0.09′ 2.41 0.72″ −0.63″

LEDD (g/day) 0.37 0.04″ 0.00 0.37 0.03″ 0.00 0.38 0.03″ −0.04″

Gait disorder* −2.23 0.08″ 0.03′ −2.23 0.12″ 0.03′ −2.22 0.12″ −0.08″

Repetitive falls* −5.79 0.14″ 0.05″ −5.74 0.19″ 0.05″ −5.80 0.19″ −0.15″

MDS-UPDRS IV 3.43 0.28″ −0.05′ 3.46 0.24″ −0.05′ 3.43 0.24″ −0.28″

Dyskinesia/day (hours) −0.16 0.12″ 0.00 −0.16 0.12″ 0.00 −0.15 0.12″ −0.12″

OFF time/day (hours) 0.87 0.06″ −0.01 0.87 0.05″ −0.01 0.87 0.05″ −0.06″

Dystonia/day (hours) 0.15 0.01″ 0.00′ 0.16 0.01″ 0.00′ 0.15 0.01″ −0.01″

Dyskinesia* −1.57 0.18″ −0.02 −1.55 0.15″ −0.02 −1.56 0.15″ −0.18″

Motor fluctuations* −0.35 0.18″ −0.04′ −0.39 0.14″ −0.04′ −0.33 0.14″ −0.18″

Freezing of gait* −2.82 0.16″ 0.01 −2.87 0.17″ 0.01 −2.79 0.17″ −0.16″

MoCA 37.04 −0.05 −0.19″ 37.10 −0.24″ −0.19″ 37.03 −0.23″ 0.05

Sniffin’ stick test 12.40 −0.11″ −0.06″ 12.41 −0.17″ −0.06″ 12.40 −0.17″ 0.11″

PDQ-39 29.72 1.78″ 0.01 29.46 1.79″ 0.01 29.87 1.77″ −1.76″

SCOPA-AUT 2.20 0.43″ 0.15″ 2.16 0.58″ 0.15″ 2.23 0.58″ −0.42″

MDS-UPDRS I 6.05 0.35″ 0.04 5.96 0.39″ 0.04 6.08 0.38″ −0.35″

BDI-I 6.14 0.24″ 0.04 6.19 0.28″ 0.04 6.15 0.28″ −0.24″

Starkstein Apathy Scale 6.75 −0.01 0.11″ 6.81 0.10 0.11″ 6.74 0.10 0.00

PDSS 117.20 −0.98″ −0.10 117.45 −1.08″ −0.10 117.11 −1.06″ 0.96″

Probable RBD* −2.13 0.11″ 0.00 −2.14 0.12″ 0.00 −2.12 0.11″ −0.11″

Excessive daily sleepiness* −1.31 0.07″ 0.00 −1.37 0.07″ 0.00 −1.29 0.07′ −0.06″

Insomnia* −1.00 0.04′ −0.01 −1.01 0.04 −0.01 −1.00 0.04 −0.04′

Hallucinations* −3.08 0.09″ 0.01 −3.06 0.10″ 0.01 −3.08 0.11″ −0.09″

Impulse Control Disorder* −1.62 0.11″ −0.02 −1.64 0.09′ −0.02 −1.60 0.09′ −0.11″

Orthostatic hypotension* −1.88 0.05′ 0.01 −1.92 0.06′ 0.01 −1.87 0.06′ −0.05′

Dysphagia* −1.77 0.06′ 0.00 −1.80 0.06′ 0.01 −1.76 0.06′ −0.06′

Constipation* −2.14 0.07″ 0.02′ −2.19 0.10″ 0.02′ −2.13 0.09″ −0.07″

Urinary Incontinence* −3.40 0.04′ 0.04″ −3.36 0.08″ 0.03″ −3.41 0.08″ −0.05′

Regression coefficients for different outcomes (rows) from three equivalent models with each two out of three features (columns). Single and double ticks
indicate significance at the 5% level and the Bonferroni-adjusted 5% level respectively. The bold indicates significant negative effect on the clinical outcome,
and the italic indicates significant positive effect. The binary variables are annotated by asterisk. Clinical symptoms and scales are described in Supplementary
Material. Bold indicates significant effects with negative values.
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Imputation Server and filtered for imputation quality (RSQ > 0.8)35. Genetic
analysis and QC was done using PLINK v1.9. Additionally, all samples
underwent targeted sequencing of the GBA locus using single-molecule
sequencing on a Sequel II sequencer from Pacific BioScience36. Variants
were called with DeepVariant 1.037. PD causing rare variants were defined
by the ClinVar classification ‘pathogenic/likely-pathogenic’. All PD causing
variants (listed in Supplementary material) identified by any method were
Sanger validated and all samples with a validated PD causing variant were
excluded from further analysis.

Polygenic risk score (PRS). We generated PRSs with PRSice-2 under default
settings. PRSs for each individual were calculated using the imputed
genotype data from Luxembourg Parkinson’s Study as a target sample. The
base GWAS data used to determine PRS for PD was the summary statistics
of the 90 SNPs that were previously found to be genome-wide significantly
associated with PD risk38. The criteria for linkage disequilibrium (LD)
clumping of SNPs were pairwise LD r2 < 0.1 within the 250 kb window.
Briefly, PRSs were calculated by summing the weighted effects of GWAS
PD risk genetic variants present in the target samples, with a possible
proxy of R2 > 0.9, meeting p value thresholds ranging from 5e−08 to 0.5.
The values of PRS were Z-normalised.

Statistical analysis
Firstly, we performed an intergroup comparison (PD vs HC) of socio-
demographic and clinical characteristics as well as polygenic risk score and
comorbidities with the Mann−Whitney U test for numerical variables and

Table 4. Simple regression of clinical outcomes with healthy controls.

Clinical symptoms and scales Intercept AAA

H&Y 0.00 0.00

MDS-UPDRS III −3.70 0.12″

MDS-UPDRS II −0.21 0.02′

LEDD (g/day) −0.02 0.00′

Gait disorder* −12.56 0.13″

Repetitive falls* −5.14 0.00

MDS-UPDRS IV 0.00 0.00

Dyskinesia/day (hours) 0.00 0.00

OFF time/day (hours) 0.00 0.00

Dystonia/day (hours) 0.00 0.00

Dyskinesia* −26.57 0.00

Motor fluctuations* −26.57 0.00

Freezing of gait* −26.57 0.00

MoCA 29.84 −0.05″

Sniffin’ stick test 15.44 −0.04″

PDQ-39 10.68 −0.01

SCOPA-AUT 2.53 0.08″

MDS-UPDRS I 3.12 0.02

BDI-I 4.06 0.02

Starkstein Apathy Scale 5.11 0.07″

PDSS 130.37 −0.13

Probable RBD* −1.58 −0.02

Excessive daily sleepiness* −6.53 0.05

Insomnia* −2.00 −0.01

Hallucinations* −3.31 −0.04

Impulse Control Disorder* −4.32 −0.04

Orthostatic hypotension* −3.92 0.02

Dysphagia* −7.28 0.04

Constipation* −2.37 −0.01

Urinary Incontinence* −8.43 0.08″

Regression coefficients are shown from linear regression of numerical
outcome and from logistic regression of binary outcome on age at
assessment (AAA). Single and double ticks indicate significance at the 5%
level and the Bonferroni adjusted 5% level. The binary variables are
annotated by asterisk. Clinical symptoms and scales are described in
Supplementary Material. Bold indicates significant effects with negative
values.

Table 5. Multiple regression model with PD and HC investigating the
difference in effect of ageing in HC (AAA) and in PD (AAA:status)
adjusted for disease duration.

Clinical
symptoms
and scales

Intercept AAA Status Disease
duration

AAA:Status

H&Y 0.00 0.00 0.23 0.05″ 0.03″

MDS-UPDRS III −3.70 0.12′ 9.65 0.76″ 0.24″

MDS-UPDRS II −0.21 0.02 2.59 0.63″ 0.06′

LEDD (g/day) −0.02 0.00 0.39 0.04″ 0.00

Gait disorder* −12.56 0.13′ 10.34 0.08″ −0.10′

Repetitive falls* −5.14 0.00 −0.66 0.14″ 0.04

MDS-UPDRS IV 0.00 0.00 3.43 0.28″ −0.05″
Dyskinesia/day
(hours)

0.00 0.00 −0.16 0.12″ 0.00

OFF time/day
(hours)

0.00 0.00 0.87 0.06″ −0.01

Dystonia/day
(hours)

0.00 0.00 0.15 0.01″ 0.00′

Dyskinesia* −20.57 0.00 18.99 0.18″ −0.02

Motor
fluctuations*

−20.57 0.00 20.22 0.18″ −0.04

Freezing of gait* −20.57 0.00 17.75 0.16″ 0.01

MoCA 29.84 −0.05″ 7.20 −0.05 −0.14″
Sniffin’ stick test 15.44 −0.04″ −3.03 −0.11″ −0.01

PDQ-39 10.68 −0.01 19.04 1.78″ 0.01

SCOPA-AUT 2.53 0.08′ −0.33 0.43″ 0.07

MDS-UPDRS I 3.12 0.02 2.94 0.35″ 0.01

BDI-I 4.06 0.02 2.09 0.24″ 0.02

Starkstein
Apathy Scale

5.11 0.07″ 1.64 −0.01 0.04

PDSS 130.37 −0.13 −13.17 −0.98″ 0.03

Probable RBD* −1.58 −0.02 −0.54 0.11″ 0.02

Excessive daily
sleepiness*

−6.53 0.05 5.22 0.07″ −0.05

Insomnia* −2.00 −0.01 0.99 0.04′ 0.00

Hallucinations* −3.31 −0.04 0.23 0.09″ 0.05

Impulse Control
Disorder*

−4.32 −0.04 2.70 0.11″ 0.01

Orthostatic
hypotension*

−3.92 0.02 2.04 0.05′ −0.01

Dysphagia* −7.28 0.04 5.51 0.06′ −0.03

Constipation* −2.37 −0.01 0.23 0.07″ 0.03

Urinary
Incontinence*

−8.43 0.08″ 5.03 0.04′ −0.05′

Regression coefficients are shown for different outcomes (rows). Status
takes the value 0 for HC and 1 for PD, the AAA:status is the interaction term
of AAA and being PD (status= 1). Single and double ticks indicate
significance at the 5% level and the Bonferroni-adjusted 5% level
respectively. The bold indicates significant negative effect on the clinical
outcome, and the italic indicates significant positive effect. The column
AAA:status indicates whether the effect of AAA on clinical outcomes differs
between PD and HC. The binary variables are annotated by asterisk. Clinical
symptoms and scales are described in Supplementary Material. Bold
indicates significant effects with negative values.
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Fig. 2 Pairwise association between age at onset (AAO), age at assessment (AAA) (y-axis) and polygenic risk score (PRS) (x-axis) with
Kendall correlation coefficient. Significant inverse association was determined between AAO and PRS and AAA and PRS indicating the
younger the AAO of PD, the higher cummulative burden of small effect size variants (represented by PRS).

Table 6. Kendall correlation coefficient between clinical outcome
(row) and polygenic risk score (PRS) for healthy controls (HC) (left) and
Parkinson’s disease patients (PD) (right), with significant negative
correlations in blue and significant positive correlations in red (Kendall
correlation test).

Clinical symptoms and scales HC PD

H&Y 0.0272 0.0272

MDS-UPDRS III −0.0088 −0.0341

MDS-UPDRS II −0.0242 0.0058

LEDD (g/day) 0.0091 −0.0147

Gait disorder* 0.4070 −0.0177

Repetitive falls* 0.6209 0.1690

MDS-UPDRS IV 0.0625 0.0625

Dyskinesia/day (hours) 0.0576 0.0576

OFF time/day (hours) 0.0100 0.0100

Dystonia/day (hours) 0.0491 0.0491

Dyskinesia* – 0.1426

Motor fluctuations* – 0.0864

Freezing of gait* – 0.0084

MoCA 0.0542 −0.0493′

Sniffin’ stick test 0.1012 0.0576

PDQ-39 −0.0519 0.0386

SCOPA-AUT −0.0113 0.0150

MDS-UPDRS I −0.0556 0.0105

BDI-I −0.0155 0.0290

Starkstein Apathy Scale −0.0425 −0.0068

PDSS −0.0128 −0.0332

Probable RBD* −0.1142 −0.0703

Excessive daily sleepiness* 0.1638 −0.1261

Insomnia* −0.0356 0.1387

Hallucinations* −0.9806 −0.1225

Impulse Control Disorder* −2.1177 −0.0872

Orthostatic hypotension* 0.0839 −0.1331

Dysphagia* −0.6401 −0.2650′

Constipation* 0.2701 −0.0740

Urinary Incontinence* 0.1011 0.0434

Single and double ticks indicate significance at the 5% level and the
Bonferroni-adjusted 5% level. The binary variables are annotated by
asterisk. Clinical symptoms and scales are described in Supplementary
Material.

Table 7. Multiple regression model with coefficients shown from
linear regression of numerical outcome and from logistic regression of
binary outcome on disease duration, age at assessment (AAA) and
polygenic risk score (PRS) in PD group.

Clinical symptoms
and scales

Intercept Disease
duration

AAA PRS

H&Y 0.17 0.05″ 0.03″ −0.02

MDS-UPDRS III 4.44 0.76″ 0.39″ −0.57

MDS-UPDRS II 1.81 0.63″ 0.10′ −0.47

LEDD (g/day) 0.32 0.04″ 0.00 0.01

Gait disorder* −2.29 0.09″ 0.03′ −0.04

Repetitive falls* −5.91 0.14″ 0.05′ 0.15

MDS-UPDRS IV 3.37 0.28″ −0.04′ 0.03

Dyskinesia/day (hours) −0.36 0.12″ 0.01 0.04

OFF time/day (hours) 0.87 0.06″ −0.01 −0.04

Dystonia/day (hours) 0.15 0.01″ 0.00′ 0.01

Dyskinesia* −1.62 0.18″ −0.02 −0.05

Motor fluctuations* −0.12 0.18″ −0.04′ −0.12

Freezing of gait* −2.66 0.17″ 0.01 −0.13

MoCA 37.25 −0.07′ −0.19″ 0.40′

Sniffin’ stick test 12.64 −0.11″ −0.06″ −0.22

PDQ-39 30.96 1.86″ −0.01 −2.98′

SCOPA-AUT 2.74 0.47″ 0.15″ −0.98′

MDS-UPDRS I 6.29 0.36″ 0.03 −0.84′

BDI-I 6.81 0.27″ 0.03 −0.76′

Starkstein Apathy Scale 6.99 0.00 0.10″ −0.18

PDSS 116.69 −1.00″ −0.10 0.12

Probable RBD* −2.07 0.12″ 0.00 −0.21

Excessive daily sleepiness* −1.23 0.07″ 0.00 −0.20

Insomnia* −1.04 0.04′ −0.01 0.11

Hallucinations* −2.95 0.10″ 0.01 −0.23

Impulse Control Disorder* −1.37 0.11″ −0.03 −0.25

Orthostatic hypotension* −1.64 0.06′ 0.01 −0.20

Dysphagia* −1.77 0.07″ 0.00 −0.37′

Constipation* −2.07 0.08″ 0.02′ −0.13

Urinary Incontinence* −3.67 0.05′ 0.04″ 0.06

Single and double ticks indicate significance at the 5% level and the
Bonferroni adjusted 5% level. The binary variables are annotated by
asterisk. Clinical symptoms and scales are described in Supplementary
Material. Bold indicates significant effects with negative values.
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Fisher’s exact test for binary variables (Tables 1 and 2). Secondly, we used
multiple regression models (linear and logistic) to identify effects of AAO
(as a numerical variable) on numerical or binary clinical outcomes
accounting for disease duration (Fig. 1). Subsequently, we performed a
multiple regression model for both HC and PD (Table 5) to examine
whether the effect of ageing (AAA) on clinical outcomes differs between
HC and PD adjusted for disease duration. For this, we included the main
effects of the continuous variable AAA and the binary variable status (HC:
status= 0, PD: status= 1), their interaction effect (HC: status*AAA= 0, PD:
status*AAA > 0), and the main effect of the continuous variable disease
duration (HC: duration= 0, PD: duration > 0). To investigate the role of PRS
in PD, a pairwise association analysis with Kendall’s tau correlation test
between PRS and AAO and AAA was performed (Fig. 2). Furthermore, we
performed a Kendall correlation test between PRS and clinical outcome for
PD and HC respectively (Table 6). As a last step, we employed a multiple
regression model including PRS adjusting for AAA and disease duration, to
investigate the effect of PRS on the clinical phenotype in PD (Table 7). At all
instances, the significance at the 5% level and the Bonferroni-adjusted 5%
level was set.
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