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Parkinson’s disease variant detection 
and disclosure: PD GENEration, a 
North American study
Lola Cook,1 Jennifer Verbrugge,1 Tae-Hwi Schwantes-An,1 Jeanine Schulze,1

Tatiana Foroud,1 Anne Hall,2 Karen S. Marder,3 Ignacio F. Mata,4 Niccolò E. Mencacci,5

Martha A. Nance,6 Michael A. Schwarzschild,7 Tanya Simuni,5 Susan Bressman,8

Anne-Marie Wills,7 Hubert H. Fernandez,4 Irene Litvan,9 Kelly E. Lyons,10

Holly A. Shill,11 Carlos Singer,12 Thomas F. Tropea,13 Nora Vanegas Arroyave,14

Janfreisy Carbonell,15 Rossy Cruz Vicioso,16 Linn Katus,3 Joseph F. Quinn,17

Priscila D. Hodges,1 Yan Meng,18 Samuel P. Strom,19 Cornelis Blauwendraat,20

Katja Lohmann,21 Cynthia Casaceli,22 Shilpa C. Rao,2 Kamalini Ghosh Galvelis,2

Anna Naito,2 James C. Beck2 and Roy N. Alcalay2,3,23, on behalf of the Parkinson’s 
Foundation and Parkinson Study Group PD GENEration investigators

Variants in seven genes (LRRK2, GBA1, PRKN, SNCA, PINK1, PARK7 and VPS35) have been formally adjudicated as causal 
contributors to Parkinson’s disease; however, individuals with Parkinson’s disease are often unaware of their genetic 
status since clinical testing is infrequently offered. As a result, genetic information is not incorporated into clinical 
care, and variant-targeted precision medicine trials struggle to enrol people with Parkinson’s disease. 
Understanding the yield of genetic testing using an established gene panel in a large, geographically diverse North 
American population would help patients, clinicians, clinical researchers, laboratories and insurers better under
stand the importance of genetics in approaching Parkinson’s disease.
PD GENEration is an ongoing multi-centre, observational study (NCT04057794, NCT04994015) offering genetic testing 
with results disclosure and genetic counselling to those in the US (including Puerto Rico), Canada and the Dominican 
Republic, through local clinical sites or remotely through self-enrolment. DNA samples are analysed by next-gener
ation sequencing including deletion/duplication analysis (Fulgent Genetics) with targeted testing of seven major 
Parkinson’s disease-related genes. Variants classified as pathogenic/likely pathogenic/risk variants are disclosed to 
all tested participants by either neurologists or genetic counsellors. Demographic and clinical features are collected 
at baseline visits.
Between September 2019 and June 2023, the study enrolled 10 510 participants across >85 centres, with 8301 having 
received results. Participants were: 59% male; 86% White, 2% Asian, 4% Black/African American, 9% Hispanic/Latino; 
mean age 67.4 ± 10.8 years. Reportable genetic variants were observed in 13% of all participants, including 18% of par
ticipants with one or more ‘high risk factors’ for a genetic aetiology: early onset (<50 years), high-risk ancestry 
(Ashkenazi Jewish/Basque/North African Berber), an affected first-degree relative; and, importantly, in 9.1% of people 
with none of these risk factors. Reportable variants in GBA1 were identified in 7.7% of all participants; 2.4% in LRRK2; 
2.1% in PRKN; 0.1% in SNCA; and 0.2% in PINK1, PARK7 or VPS35 combined. Variants in more than one of the seven 
genes were identified in 0.4% of participants.
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Approximately 13% of study participants had a reportable genetic variant, with a 9% yield in people with no high-risk 
factors. This supports the promotion of universal access to genetic testing for Parkinson’s disease, as well as thera
peutic trials for GBA1 and LRRK2-related Parkinson’s disease.
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Introduction
Parkinson’s disease is a neurodegenerative disease characterized 
by progressive motor disability and non-motor symptoms.1 To 

date, seven genes (LRRK2, GBA1, PRKN, SNCA, PINK1, PARK7, 
VPS35) have been curated by the ClinGen Parkinson’s Disease 
Gene Curation Expert Panel (PD GCEP) as having a causal relation

ship with Parkinson’s disease (https://search.clinicalgenome.org/ 
kb/affiliate/10079). Prior studies have identified pathogenic var

iants in Parkinson’s disease-linked genes in about 5%–10% of peo
ple with Parkinson’s disease in the US and Europe.2-10 However, 
only a small fraction of people with Parkinson’s disease receive 

genetic testing due to lack of awareness among clinicians and pa
tients, cost issues and lack of clinician confidence in providing re
sults to patients.5,11 Previous studies have shown a greater 

likelihood of positive (abnormal) gene test results among those 
with an earlier age at onset (AAO), positive family history or certain 

ancestry such as Ashkenazi Jewish, Spanish Basque or North 
African Berber.12 However, recent research indicates that different 
gene variants may be found in individuals of diverse ancestries 

from various countries and global regions.13

There are several clinical reasons why individuals with 
Parkinson’s disease might wish to have genetic testing: to aid in diag
nosis, to answer the question, ‘Why did I get Parkinson’s disease?’, to 

inform prognosis, to assist in treatment and life decisions and to 

clarify the Parkinson’s disease risk for other family members. In add
ition, there is growing interest within the pharmaceutical industry in 
genetically targeted precision medicine. Accordingly, in the research 
and direct-to-consumer (DTC) spaces, there has been a notable in
crease in genetic testing for Parkinson’s disease over the past dec
ade.14,15 Over 10 000 people with Parkinson’s disease have ordered 
DTC testing from 23andMe that includes health risk assessment 
for Parkinson’s disease via limited, targeted testing of a single vari
ant, each, within the genes LRRK2 and GBA1.16 Genetic information 
about Parkinson’s disease is being used to determine clinical trial eli
gibility for gene-specific trials.1,17

The genetics of Parkinson’s disease is complex. Counselling is
sues such as dominant and recessive inheritance, reduced pene
trance, phase determination for carriers of two variants for 
recessive disorders, the uncertainty of the relationship between 
heterozygous forms of Parkinson’s disease thought to be recessive
ly inherited and disease risk, the risk for both Gaucher disease and 
Parkinson’s disease in relation to some but not all GBA1 variants 
and the possibility of carrying disease-related variants in more 
than one Parkinson’s disease gene require thoughtful discussion 
with a clinician skilled in explaining genetic concepts (genetic 
counsellor or trained neurologist). We have shown that neurolo
gists are uncomfortable with their knowledge of Parkinson’s dis
ease genetics5 and access to genetic counsellors in North America 
is limited.18
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With this background, the Parkinson’s Foundation, a non-profit 
Parkinson’s disease research and advocacy organization, launched 
PD GENEration (PD GENE) as a clinical study in 2019 with the goal of 
educating and empowering people with Parkinson’s disease by offer
ing Clinical Laboratory Improvement Amendments (CLIA)-certified 
genetic testing with return of results in the context of genetic counsel
ling at no cost to the participants.18 PD GENE addresses potential 
barriers to testing by providing genetic counselling in either English 
or Spanish, in local or remote settings. The study has had three phases 
thus far. In its pilot phase, we verified feasibility of the study and docu
mented both a strong community interest and satisfaction with the 
testing process among both participants and providers with no signifi
cant adverse psychological sequelae in participants.18 Here, we report 
the genetic testing results along with clinical data from the first three 
phases of the study through June 2023.

Materials and methods
Study design and participants

PD GENE is a multi-centre, observational and registry, clinical study 
(NCT04057794, NCT04994015) offering CLIA-certified genetic testing 
and genetic counselling to people with Parkinson’s disease in North 
America,18 with an original enrolment goal of 15 000 by 2025. The study 
was approved by centralized and site institutional review boards 
(IRBs), as well as the Scientific Review and Executive Committees of 
the Parkinson Study Group. All participants signed informed consents. 
The study has had three phases: a pilot phase (600 tested participants) 
and a clinical phase (the pilot participants plus an additional 1354 
tested participants) in which detailed clinical data were collected, as 
well as the current registry phase with a simplified protocol (6347 
tested participants). We include here data from all phases, described 
in more detail in the Supplementary material. Participants may 
enrol through their local study site or, remotely, through designated, 
national enrolling sites with IRB approval to provide telemedicine 
genetic testing and counselling on a national level or via the 
Parkinson’s Foundation website https://www.parkinson.org/ 
pdgeneration. Participants are eligible for the study if they meet 
the Movement Disorder Society (MDS) Clinical Diagnostic Criteria 
for probable Parkinson’s disease based on examination, chart re
view or self-report,19 are at least 18 years of age, able to provide in
formed consent in English or Spanish, complete study activities and 
willing to undergo genetic testing and be informed of their results. 
In the registry phase, clinical examinations and chart reviews are 
not performed. Race and ethnicity are obtained by self-report, using 
categories developed by the US Census Bureau and collected by the 
study to assess outreach to underserved communities. Self- 
reported ancestry is collected to evaluate trends in genetic testing 
yields related to geographic/genealogic descent. Participants are 
asked to report if a parent, child and/or sibling had a Parkinson’s dis
ease diagnosis established by a physician or by autopsy. All study 
materials were created in or translated to Spanish and culturally 
adapted for the Hispanic/Latino community, involving input from 
the PD GENE Latino Advisory Committee and professional transla
tors. Sites that have bilingual staff are eligible to recruit 
Spanish-speaking participants. Further details about the processes 
and protocol of the study can be found at the Parkinson’s 
Foundation website (https://parkinson.org/pdgeneration).

Genetic testing and genetic counselling

Following participant consent and sample collection, testing of the 
genes LRRK2, GBA1, PRKN, SNCA, PINK1, PARK7 and VPS35 is 

performed at Fulgent Genetics, a CLIA-certified US laboratory. 
These genes are recognized as major causes of Parkinson’s disease 
and are included on most commercial Parkinson’s disease genetics 
panels.14 In addition, the seven genes on this panel were previously 
adjudicated by an independent panel of Parkinson’s disease ex
perts using a recently developed framework supported by the 
National Institutes of Health (NIH)-funded Clinical Genome 
Resource (ClinGen)20 that found sufficient evidence to support a 
gene-disease relationship for all of them.

As previously reported,21 next-generation sequencing (NGS) and 
data analysis are performed on genomic DNA. Genomic DNA iso
lated from accessioned samples (blood or buccal saliva) is prepared 
into libraries using a customized hybrid capture enrichment proto
col, targeting key coding exons and splicing junctions based on IDT 
xGen Lockdown probe chemistry (Integrated DNA Technologies, 
Inc., Coralville, IA, USA). Paired-end sequencing is then performed 
on DNA libraries on the Illumina platform 2500 HiSeq or NovaSeq 
6000, using 300 bp reads [size of genomic fragments are 400– 
500 bp peak size (range 150–900 bp)]. Following alignment to the 
human genome reference sequence (assembly GRCh37/hg19), var
iants are detected in regions with at least 10× coverage. For speci
mens, 99% and 98% of coding regions and splicing junctions 
(±20 bp of canonical exon splice donor) of the genes listed are se
quenced with coverage of at least 10× and 20×, respectively, or by 
Sanger sequencing. However, the average coverage is usually 
>100 from this assay, and we achieve a typical coverage >50× 
(except for GBA1 exons 9–11). For germline variants, 20× is typically 
considered sufficient to call a heterozygous variant with an allele 
fraction of about 50%. In addition, all the variants with quality 
scores less than 500 (roughly 40× coverage for a heterozygous vari
ant) in the NGS-based panel sequencing are confirmed by targeted 
Sanger sequencing. The genes are also evaluated for large deletions 
and/or duplications, and putative deletions or duplications identi
fied are confirmed by quantitative PCR (qPCR) or multiplex ligation- 
dependent probe amplification (MLPA) by MRC-Holland (Amsterdam, 
The Netherlands). The analysis of single exon deletions and dupli
cations is performed on the PRKN gene. The NGS misalignment 
analysis is performed on the GBA1 gene to avoid pseudogene inter
ference. When a potential variant misalignment is identified, long- 
range PCR is performed to confirm variants and gene conversion.22

To verify homozygosity for variants in the GBA1 gene, for each 
exon, the lab utilizes two sets of primers to account for possible al
lele dropout. This method in combination with NGS data and mis
alignment analyses, greatly reduces the likelihood of allele dropout 
that would be categorized incorrectly. When a single pathogenic or 
likely pathogenic variant is identified in a gene with autosomal re
cessive inheritance, e.g. PRKN, PINK1 or PARK7, 100% of coding se
quences of that gene are covered either through NGS or Sanger 
sequencing technologies. For bioinformatics, the Fulgent Germline 
v2019.2 pipeline is used for analysis.

Variants are initially curated using automated ranking rules and 
further interpreted manually using locus-specific databases, litera
ture searches and other molecular biological principles. All variants 
detected in the reportable region (i.e. coding exons and 20 bp flank
ing introns) are assessed based on the American College of Medical 
Genetics and Genomics (ACMG) guideline for sequence variant in
terpretation.23 Variants are classified into five-tier categories: 
pathogenic (P), likely pathogenic (LP), variants of uncertain signifi
cance (VUS), likely benign and benign. GBA1 variants are classified 
based on their pathogenicity to cause Gaucher disease, except for 
the GBA1 c.1093G>A (p.Glu365Lys)/E365K/E326K variant, which is 
associated with Parkinson’s disease risk and reduced 
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glucocerebrosidase enzymatic activity but not with Gaucher dis
ease.24,25 Details regarding ranking rules used for curation and add
itional methodology applied to the GBA1 gene are provided in the 
Supplementary material, Methods section.

Variants deemed reportable in this study include those classi
fied as P/LP, whereas VUS are not reported to the clinician or the 
participant. There is some controversy about the relationship be
tween certain GBA1 variants and the development of Parkinson’s 
disease. We chose to report the GBA1 c.1093G>A (p.Glu365Lys)/ 
E365K/E326K variant, which is referred to as a ‘risk variant’ with a 
low penetrance for Parkinson’s disease (about twice the population 
risk) and no risk for Gaucher disease,25 because at the time the 
study began, individuals with Parkinson’s disease who carried 
this variant were eligible to participate in a GBA1-Parkinson’s 
disease therapeutic trial. For this reason, this risk variant was felt 
to be clinically actionable. However, another GBA1 risk variant, 
c.1223C>T (p.Thr408Met)/T408 M/T369M, was not reported back to 
participants as its level of pathogenicity was controversial at study 
onset but is included as a ‘disease-relevant result’.24 Monoallelic P/ 
LP heterozygous variants of autosomal recessive Parkinson’s dis
ease genes such as PRKN were considered as reportable, due to 
the potential implications for reproductive risks in relatives, des
pite lack of consensus about causation in Parkinson’s disease.26

VUS are not disclosed to participants but are catalogued for re
search use and shared with a global consortium of Parkinson’s disease 
geneticists and clinicians to centralize and harmonize discussions of 
VUS identified across multiple studies (ClinGen Parkinson’s Disease 
Variant Curation Expert Panel: https://clinicalgenome.org/affiliation/ 
50079/). Participants in PD GENE are asked if they wish to give per
mission to be recontacted for further research based on their 
Parkinson’s disease gene status and can opt in to receive additional 
genetic information from the study, such as VUS that are later clas
sified as P/LP. Curated gene variants will be deposited in the NIH 
ClinGen and ClinVar repositories. Coded, de-identified DNA sam
ples and raw sequence data are stored and are available to research
ers upon request.

All participants receive genetic test results (negative or positive) 
via an in-person or remote genetic counselling session provided by 
neurologists or certified genetic counselors, at local or nationally 

enrolling sites. Test results are interpreted by clinicians for partici
pants in the context of their clinical findings and medical and fam
ily histories. All participants receive a copy of their gene test 
laboratory report and a summary of the genetic counselling ses
sion. Those with biallelic GBA1 P/LP variants are referred to local 
Gaucher centres for further evaluation and counselling.

Statistical analysis

All statistical analyses were performed using R 4.2.2. For continuous 
variables, mean, standard deviation (SD), medians and interquartile 
range (IQR) are provided. For categorical data, the percentage and 
counts for each category over total number of available participants 
are provided. To compare differences in clinical measures of inter
ests that are continuous, such as AAO between groups, we used 
Mann–Whitney test to reduce the type I error due to non-normality 
of the outcome variables. For the categorical outcomes, such as sex, 
we used Fisher’s exact test to reduce the type I error due to sparse 
cell counts (less than five in any cell) or chi-squared test with two- 
sided test. All P-values are reported for two-sided tests.

To provide the results in Tables 1 and 3, our primary analyses, 
we conducted a total of 33 discovery tests comparing Parkinson’s 
disease disease-related items. Using Bonferroni correction for mul
tiple testing, our statistical significance threshold was 0.05/33 or 
0.0015.

Results
Participant demographic characteristics

More than 10 510 people with Parkinson’s disease across North 
America have enrolled in the study (Fig. 1), of whom 8301 have com
pleted genetic testing and received results as of 1 June 2023. 
Population descriptions are detailed in Table 1 and approximate ex
pected frequencies among those who typically participate in re
search in the US.27 We observed that 16% of tested participants 
had early-onset disease (onset at <age 50). Fourteen per cent were 
of self-reported high-risk ancestry (Ashkenazi Jewish, North 
African Berber or Spanish Basque) and 20% reported having a first- 
degree relative with Parkinson’s disease (Table 1).

Table 1 Demographic characteristics of participants tested

Variable Tested (n = 8301) Negative (n = 7231) Positive (n = 1070) P-value, positive 
versus negative

Age at enrolment, years, mean (SD), (IQR) 67.4 (10.8), (61.0–74.3) 67.7 (10.7), (61.7–75.0) 65.2a (11.7), (58.0–73.0) 3.63 × 10−10

Reported sex, % male (count/total) 59% (4902/8300) 60% (4339/7230) 53%a (563/1070) 4.94 × 10−6

Self-reported race % (count/total) – – – 0.239
White 86% (6978/8159) 85% (6059/7111) 88% (919/1048) –
Alaska Native/American Indian <1% (16/8159) <1% (15/7111) <1% (1/1048) –
Asian 2% (195/8159) 2% (175/7111) 2% (20/1048) –
Native Hawaiian/Pacific Islander <1% (7/8159) <1% (6/7111) <1% (1/1048) –
Black/African American 4% (350/8159) 4% (312/7111) 4% (38/1048) –
Multiple 3% (225/8159) 3% (204/7111) 2% (21/1048) –

Self-reported ethnicity % (count/total) – – – 0.114
Hispanic/Latino 9% (707/7925) 9% (601/6895) 10% (106/1030) –

AAO of PD, years, mean (SD), (IQR) 61.1 (11.1), (54.0–69.0) 61.5 (10.9), (55.0–69.0) 58.3a (12.3), (51.0–67.0) 3.53 × 10−15

PD duration, years, mean (SD), (IQR) 5.7 (5.8), (1.0–8.0) 5.6 (5.7), (1.0–8.0) 6.5a (6.6), (2.0–9.0) 2.12 × 10−5

Early onset (AAO of PD < 50 years), % (count/total) 16% (1276/8049) 15% (1040/7004) 23%a (236/1045) 9.79 × 10−10

High-risk ancestryb, % (count/total) 14% (1130/8301) 12% (860/7231) 25%a (270/1070) 4.13 × 10−28

First degree relative with PD, % (counts/total) 20% (1579/7994) 19% (1295/6969) 28%a (284/1025) 4.55 × 10−11

AAO = age at onset; IQR = interquartile range; PD = Parkinson’s disease; SD = standard deviation. 
aStatistically significant after multiple test correction (P < 0.0015). 
bAshkenazi Jewish, Spanish Basque, North African Berber.
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Genetic findings

Reportable variants were found in 1070 (12.9%) of the 8301 partici
pants (Table 2). GBA1 variants were the most frequently identified, 
followed by LRRK2 and PRKN (7.7%, 2.4% and 2.1%, respectively, and 
including both single and biallelic variants) (0.4% were multigene 
variant carriers not included) (Fig. 2). The yield for disease-relevant 
results, e.g. eliminating those who were heterozygous for PRKN, 
PINK1 and PARK7 P/LP variants and adding those individuals who 
had a c.1223C>T (p.Thr408Met)/T408M//T369M GBA1 risk variant, 
was overall 13.4% (1111/8301) and specifically, 10.1% (838/8301) for 
GBA1, 2.4% (196/8301) for LRRK2 and (56/8301) 0.67% for biallelic PRKN.

The most common reportable GBA1 variants identified were the 
c.1093G>A (p.Glu365Lys)/E365K/E326K risk variant (3.7%, 307), 
the c.1226A>G (p.Asn409Ser)/N409S/N370S variant (1.6%, 133) and the 

c.1448T>C (p.Leu483Pro)/L444P variant (0.8%, 65). Fourteen participants 
had two variants (phase not determined), including nine with apparent 
homozygous variants in the GBA1 gene. Six of these cases involved 
Gaucher disease-associated variants including c.1226A>G 
(p.Asn409Ser)/N409S/N370S, representing individuals with likely 
genotypic Gaucher disease, which was not an exclusion to the study. 
The most common LRRK2 variant identified was the c.6055G>A 
(p.Gly2019Ser) variant (177, 2.1%), including two participants who 
had homozygous c.6055G>A (p.Gly2019Ser) variants. Heterozygous 
PRKN variants were found in 120 participants: 43 were potentially 
compound heterozygous (phase not determined) and 13 had homo
zygous variants. Detected variants in the PRKN gene encompassed 
copy number variants (CNVs) (n = 32 unique types) and single nucleo
tide variants (SNVs)/insertions/deletions (indels) (n = 21 unique 
types). Additional details regarding gene variants observed are de
scribed in Figs 2 and 3 and the Supplementary Table 5. Of note, 34 par
ticipants (0.4%) had complex results encompassing variants in more 
than one gene; 32 cases involved the GBA1 gene, two cases were dou
ble heterozygous for the PRKN and LRRK2 genes, and one case had 
variants in GBA1, LRRK2 and PRKN (Supplementary Table 2). VUS 
data are catalogued and will be reported later.

For those with high-risk ancestry (Ashkenazi Jewish/Basque/North 
African Berber), early AAO (<50 years) or an affected first-degree rela
tive, the yield for reportable findings was 24%, 18% and 18%, respective
ly. In those with one or more of these genetic risk factors, 18% received a 
positive finding (Table 2). When excluding individuals with these pre
defined genetic risk factors, 9.1% received a positive report.

Genetic subgroup comparisons

Participant characteristics by genotype are provided in Table 3 and 
the Supplementary material. Additional subgroup data including 
data regarding double heterozygotes are provided in Supplementary 

Table 2 Genetic yield by population

Population Total 
tested

Reportable variant 
identified

Yield

All 8301 1070 12.9%
High-risk factorsa 3453 625 18.1%
No risk factorsb 4406 399 9.10%
Early onset (AAO of 

PD<50 years)
1276 236 18.4%

Late onset (AAO of PD 
≥50 years)

6773 809 11.9%

First degree relative 
with PD

1579 284 18.0%

High-risk ancestryc 1130 270 23.9%

AAO = age at onset; PD = Parkinson’s disease. 
aEarly-onset PD, high-risk ancestry or first degree relative with PD. 
bWithout early-onset PD, high-risk ancestry and first degree relative with PD. 
cAshkenazi Jewish, Spanish Basque, North African Berber.

Figure 1 PD GENEration heat map. Heat map showing broad enrolment of participants into PD GENEration by county in the US, Puerto Rico and the 
Dominican Republic. Use of telemedicine allowed for enrolment of participants from all 50 states, representing both urban and rural areas.
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Tables 2–4. Numbers were too small for some subgroup statistical 
analyses.

Self-reported race/ethnicity

Between individuals with positive and negative results, we did 
not see differences across self-reported race and ethnicity. 
However, individuals who were Hispanic/Latino were 3.6 times 
more likely to carry biallelic PRKN variants (P = 2.07 × 10−4) compared 
with non-Hispanic/non-Latino individuals, among those who tested 
positive.

Age at onset and Parkinson’s disease duration

Those with GBA1 variants or presumed compound heterozygous 
or homozygous PRKN variants had earlier AAO compared to those 
with negative results (58.6 and 38.6 versus 61.5 years; P = 2.19 × 10−11 

and 2.37 × 10−23), whereas those with LRRK2 variants did not 
(Table 3). Carriers of SNCA variants had an earlier AAO compared 
with those with negative results (49.2 versus 61.5 years), though 
the numbers were too small for statistical comparison. The 
Parkinson’s disease duration was significantly greater among 
those with presumed compound heterozygous or homozygous 
PRKN variants.

Male to female ratio

The male to female ratio among those with negative results was 
1.50, while both the LRRK2 and the biallelic PRKN groups had more 
females than males. Significance was reached in the LRRK2 group 
compared to non-carriers after correction for multiple comparisons 
(ratio = 0.81, P = 3.19 × 10−5) (Table 3).

High-risk ancestry and positive family history

There was a greater number of participants with high-risk ancestry 
among the LRRK2 and GBA1 subgroups compared with the negative 
group (62%, 19% versus 12%; P = 1.01 × 10−59 and 3.50 × 10−7). Those 
in the LRRK2 and PRKN compound heterozygous/homozygous 
groups were more likely to have a first-degree relative with 
Parkinson’s disease (40%, 47% versus 19%; P = 1.11 × 10−11 and 
1.36 × 10−6). This was not observed for GBA1 variants (Table 3).

MDS-Unified Parkinson’s Disease Rating Scale, Hoehn and 
Yahr and Montreal Cognitive Assessment

The results of the clinical [MDS Unified Parkinson’s Disease Rating 
Scale (MDS-UPDRS), Hoehn and Yahr scale] and cognitive assess
ments [Montreal Cognitive Assessment (MoCA)] and genetic sub
groups are reported in the 1954 individuals from the clinical 
phase who had available results (Table 4). There were no significant 
differences between scores of those with negative results versus 
those in the genetic subgroups (all P-values > 0.001). Individuals 
with SNCA variants had lower MoCA scores (mean 22.3), although 
numbers in this subgroup (n = 7) were too small for meaningful 
analysis.

Discussion
In this study we counselled and tested 8301 participants for seven 
established Parkinson’s disease-related genes, focusing initially 
on the feasibility and safety of counselling/return of results through 
the local neurologist versus centralized genetic counselors (pilot 
phase),18 then the expansion of the study to multiple clinical sites 
in the US (clinical phase; Table 4), followed by a simplified study 
protocol to permit further geographic, racial and ethnic diversity 
(registry phase; Tables 1–3 and Supplementary Table 1). In this lar
gest and most geographically diverse North American cohort ever 
tested, we demonstrate an overall yield of reportable genetic var
iants in 13% of unselected enrolled participants.

There are only a few large-scale, multinational studies with 
similar attributes to ours as regards ancestry, recruitment, geno
typing of multiple genes including GBA1 and data analyses, and 
their results are consistent with our observations, with approxi
mately an overall 14% disease-relevant yield, even though larger 
gene panels were used.6,7 Like our study, variants were most often 
found in GBA1 and LRRK2 at similar rates, approaching 10% and 3%, 
respectively. The most common variant observed was the GBA1 
c.1093G>A (p.Glu365Lys) variant, also known as the E365K/E326K 
risk allele.6,7 Sequencing data from the UK, as part of the Tracking 
Parkinson’s study, showed lower yields for pathogenic variants 
for certain genes such as LRRK2 (0.9%), whereas the yield for GBA1 
variants was similar.8,9 The c.6055G>A (p.Gly2019Ser) variant was 
the predominant abnormal finding in LRRK2, similar to reports of 
Parkinson’s disease genetic testing results in other European-based 

Figure 2  Reportable results. Pie chart (left) depicting overall positivity rate for reportable variants in a single gene or multiple genes among 8301 par
ticipants. Right: Categorization of single gene variants for the PD GENEration seven-gene panel. Values are number of participants followed by percent
age of total. CPHet = compound heterozygous; Hom = homozygous; Het = heterozygous.
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cohorts.6,8 As expected from published literature,3,6,8,28 Parkinson’s 
disease gene variants were found more frequently in those 
with earlier AAO < 50 (18%, 236/1276), with a first-degree family his
tory of Parkinson’s disease (18%, 284/1579) or high-risk ancestries 
(24%, 270/1130) compared with our total population rate (Table 2).

Specifically, variants in GBA1 and PRKN (biallelic) were associated 
with earlier AAO, and those with LRRK2 variants were more likely to 
be self-reported as female, confirming prior observations.6,12 Female 
predominance among LRRK2 carriers with Parkinson’s disease is not 
yet fully explained, and our study does not shed further light on this 
question. Individuals with either LRRK2 or biallelic PRKN variants 
were more likely to report a first-degree relative with Parkinson’s 
disease, likely attributed to higher penetrance of these gene variants. 
Although self-reported race did not emerge as a significant variable, 
individuals who were Hispanic/Latino were more likely to have PRKN 
variants (biallelic) consistent with observations in the CORE-PD 
study in which those who were Hispanic were more likely to have 
PRKN variants than non-Hispanic individuals.12 Since we did not re
port back VUS by design, as additional variants are adjudicated in 
ClinGen/ClinVar using patient materials from this and other large 
studies, we anticipate that some VUS will be elevated to the status 
of P/LP and then the positivity rate in our cohort will increase.

The absolute number of people with Parkinson’s disease who 
tested positive for PINK1, PARK7, VPS35 and SNCA was extremely 
low, precluding any detailed comments about genotype-phenotypes 
or participant characteristics for these groups. In addition, results 
regarding clinical measures by genetic subgroups should be inter
preted with caution due to various limitations in study design. 
They include the cross-sectional nature of the study, a potential re
ferral bias, presentation in earlier phases of disease, examinations 
by telemedicine for some participants and informed consent 
requirements for participants to have the cognitive capacity to 

provide consent, which had the practical effect of excluding indivi
duals with dementia or a low MoCA score.

We highlight that although we observed a yield of 18% for re
portable results in participants with one of three identified genetic 
risk factors (early AAO, affected first degree relative, high-risk an
cestry), notably, the positivity rate was 9% among participants in 
our cohort with none of these risk factors. As the study expands 
with plans to query more Parkinson’s disease-related genes, yields 
in both groups will even be greater. Our results provide compelling 
data to suggest that genetic testing should not be restricted to high- 
risk individuals, but rather should be offered to all people with 
Parkinson’s disease.3,6,7 For example, while as expected, GBA1 
and LRRK2 variants were more common among people of 
Ashkenazi Jewish ancestry compared with those without any high- 
risk ancestries, most who possessed these variants were 
non-Ashkenazi Jewish (Supplementary Table 4). However, where 
resources are limited, testing can be prioritized according to per
ceived impact and patient interest. Specifically, in cases of limited 
resources, we propose prioritizing testing for those who would be 
interested in acting on positive results, e.g. for clinical trial partici
pation or life/family planning.

Motivations to return genetic results to people with Parkinson’s 
disease include: (i) people are interested in knowing their genetic 
status11,18; (ii) different genetic forms of Parkinson’s disease can 
have strikingly different prognoses4; (iii) emerging evidence that 
genotype may be relevant for aspects of clinical care28; and (iv) gen
etic status can determine eligibility for precision medicine clinical 
trials. To date, there are no US Food and Drug Administration 
(FDA)-approved interventions to modify disease progression in 
Parkinson’s disease, so approved treatments are all symptomatic. 
A potential explanation for the failure of multiple clinical trials to 
demonstrate disease-modifying effect is that Parkinson’s disease 

Figure 3 Variant level results. Variant level representation of results reportable to participants (left), compared to disease relevant results (right), which 
included GBA1 T408M and excluded heterozygous (Het) carriers of recessive genes. Individuals positive for multiple genes are counted in both gene 
categories resulting in adjusted totals between graphs. Variant counts are in the heterozygous state unless otherwise specified. Different variant in
clusions between graphs resulted in shifts of some individuals from heterozygous to compound heterozygous (CPhet) categories (e.g. two individuals 
with GBA1 N409S/T369M represented as N370S on the left and compound heterozygous on the right). Hom = homozygous.
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pathogenesis is heterogenous. There is reason to hope that therap
ies targeting Parkinson’s disease with specific associated genetic 
variants, such as GBA1 or LRRK2 variants, might demonstrate dis
ease modification in a subset of people with Parkinson’s disease.17

Our findings show that there are many previously unidentified peo
ple with Parkinson’s disease who could qualify for precision medi
cine trials, especially ones focused on GBA1 (approaching 10% of all 
participants) and, to a lesser extent, LRRK2.

The PD GENE study has attempted to reduce previously identified 
barriers to genetic testing in Parkinson’s disease, including cost, phys
ician knowledge and comfort with genetics (through training materi
als and coursework), the perceived low yield of genetic testing and 
patient awareness.5 Strengths of the study include its large and rapidly 
growing cohort, streamlining of the protocol and use of telehealth 
strategies to facilitate enrolment from outside the usual geographic 
(Fig. 1) and cultural reach of academic centres and inclusion of bilin
gual clinicians and Spanish language materials. The study is also 
able to contribute patient materials, genetic test results and expertise 
to several national and global Parkinson’s disease genetics programs, 
including ClinGen/ClinVar (described above), the Global Parkinson’s 
Genetics Project (GP2), the Black and African American Connections 
to Parkinson’s Disease (BLAAC-PD) and Latin American Research con
sortium on the GEnetics of Parkinson’s disease (LARGE-PD), each tar
geting Black/African American and Hispanic/Latino Parkinson’s 
disease populations, respectively.

Despite early efforts, a weakness of this study remains its rela
tive lack of racial and ethnic diversity. Therefore, our results may 
not be directly applicable to non-European populations. In addition, 
we acknowledge that in the data analyses stratified by race that 
these results are less informative as it is increasingly recognized 
that race is only a social construct based on physical attributes, 
not accurately representing genetic differences. We recognize 
that both self-enrolment and physicians who recruit for this study 
may be biased towards people with early age at onset, positive fam
ily history or high-risk ancestry, resulting in some degree of 
enrichment. However, the study continues to encourage all 
people with Parkinson’s disease who are interested in testing to 
participate and to encourage study sites to enrol all-comers, remov
ing these historic barriers to testing. We further acknowledge that 
the vast majority of study participants received a negative result 
and that additional genetic research is required to identify risk fac
tors not investigated here (e.g. polygenic risk score). As noted earl
ier, the interpretation of reported clinical measures by genetic 
subgroups of the smaller PD GENE cohort were limited by the study 
design.

In the future, we plan to enhance our ongoing efforts to enrol 
underrepresented populations and to help improve the under
standing of Parkinson’s disease gene variants in these groups. 
To address this, the PD GENE study has since added the site 
Morehouse College of Medicine/Grady Hospital in Atlanta, Georgia 
(traditionally Black/African American) and sites in Puerto Rico 
and the Dominican Republic. More recently, the study has ex
panded access to native Hawaiian populations by partnering 
with Queen’s Medical Center in Honolulu, Hawaii. In addition, 
PD GENE samples will be included as part of the Aligning 
Science Across Parkinson’s Global Parkinson’s Genetic Program 
(ASAP-GP2), in which individuals will be genotyped with the 
Global Diversity Array (plus Neurobooster)29 for almost 2 million 
variants genome wide. GP2 will use this information to address 
both global and local ancestry, and this will shed some light on 
the admixture present in our cohorts, as well as determining ances
tral origins of the pathogenic variants identified in PD GENE. This T

ab
le

 4
 C

li
n

ic
al

 m
ea

su
re

s 
an

d
 d

em
og

ra
p

h
ic

s 
of

 c
li

n
ic

al
 c

oh
or

t 
(n

 =
 1

95
4)

V
ar

ia
b

le
T

ot
al

 (n
 =

 1
95

4)
N

eg
at

iv
e 

(n
 =

 1
66

5)
G

BA
1 

(n
 =

 1
69

)
LR

R
K

2 
(n

 =
 5

1)
PR

K
N

, h
et

 (n
 =

 2
7)

PR
K

N
, b

i (
n

 =
 1

8)
SN

C
A

 (n
 =

 7
)a

C
li

n
ic

al
 m

ea
su

re
m

en
t,

 m
ea

n
 (S

D
), 

(I
Q

R
)

M
oC

A
26

.5
 (3

.0
0)

, (
25

.0
–2

9.
0)

26
.5

 (2
.9

0)
, (

25
.0

–2
9.

0)
26

.1
 (3

.4
0)

, (
25

.0
–2

8.
0)

27
.4

 (2
.3

0)
, (

27
.0

–2
9.

0)
26

.2
 (2

.9
0)

, (
25

.0
–2

8.
0)

26
.8

 (2
.2

0)
, (

26
.0

–2
8.

0)
22

.3
 (2

.5
0)

, (
20

.5
–2

4.
0)

M
D

S-
U

PD
R

S
48

.3
 (2

3.
1)

, (
31

.0
–6

2.
0)

47
.7

 (2
2.

3)
, (

31
.0

–6
1.

0)
52

.5
 (2

5.
8)

, (
34

.2
–6

6.
0)

40
.6

 (2
5.

6)
, (

28
.2

–4
2.

0)
51

.2
 (2

6.
2)

, (
32

.0
–5

9.
2)

48
.6

 (3
3.

3)
, (

27
.0

–4
8.

0)
81

.2
 (1

9.
0)

, (
68

.0
–9

5.
0)

H
oe

h
n

 a
n

d
 Y

ah
r

2.
0 

(0
.7

), 
(2

.0
–2

.0
)

2.
0 

(0
.7

), 
(2

.0
–2

.0
)

2.
0 

(0
.6

), 
(2

.0
–2

.0
)

2.
0 

(0
.7

), 
(2

.0
–2

.0
)

1.
9 

(0
.7

), 
(2

.0
–2

.0
)

2.
3 

(1
.0

), 
(2

.0
–2

.5
)

2.
3 

(0
.5

), 
(2

.0
–2

.5
)

D
em

og
ra

p
h

ic
, m

ea
n

 (S
D

), 
(I

Q
R

)
A

ge
, y

ea
rs

64
.7

 (1
0.

0)
, (

59
.0

–7
2.

0)
65

.1
 (9

.8
0)

, (
59

.0
–7

2.
0)

62
.4

b
(9

.7
0)

, (
56

.0
–6

9.
0)

66
.2

 (8
.0

0)
, (

61
.0

–7
1.

0)
64

.8
 (9

.9
0)

, (
60

.0
–7

1.
0)

52
.3

b
(1

5.
2)

, (
37

.5
–6

2.
5)

54
.4

 (1
5.

6)
, (

43
.0

–6
0.

0)
Se

x,
 %

 m
al

es
 (n

/t
ot

al
)

57
%

 (1
11

0/
19

54
)

58
%

 (9
60

/1
66

5)
51

%
 (8

7/
16

9)
47

%
 (2

4/
51

)b
63

%
 (1

7/
27

)
33

%
 (6

/1
8)

57
%

 (4
/7

)
A

A
O

 o
f 

PD
, y

ea
rs

59
.3

 (1
0.

7)
, (

53
.0

–6
7.

0)
59

.8
 (1

0.
5)

, (
53

.0
–6

7.
0)

57
.2

b
(1

0.
2)

, (
50

.0
–6

5.
0)

60
.9

 (8
.0

), 
(5

5.
0–

66
.5

)
57

.9
 (1

0.
7)

, (
50

.0
–6

5.
0)

41
.2

b
(1

5.
0)

, (
30

.8
–4

9.
5)

50
.0

 (1
6.

7)
, (

39
.0

–5
6.

5)
D

is
ea

se
 d

u
ra

ti
on

5.
40

 (5
.2

0)
, (

2.
00

–8
.0

0)
5.

30
 (5

.1
0)

, (
2.

00
–8

.0
0)

5.
20

 (4
.8

0)
, (

2.
00

–8
.0

0)
5.

30
 (4

.7
0)

, (
1.

50
–8

.0
0)

7.
00

 (6
.9

0)
, (

1.
00

–1
1.

5)
11

.2
 (1

2.
2)

, (
2.

20
–1

5.
0)

4.
40

 (2
.9

0)
, (

2.
00

–5
.5

0)

A
A

O
 =

 a
ge

 a
t 

on
se

t;
 b

i =
 b

ia
ll

el
ic

 (i
.e

. h
om

oz
yg

ou
s 

or
 c

om
p

ou
n

d
 h

et
er

oz
yg

ou
s)

; h
et

 =
 h

et
er

oz
yg

ou
s 

(i
.e

. s
in

gl
e 

va
ri

an
t 

d
et

ec
te

d
); 

IQ
R

 =
 in

te
rq

u
ar

ti
le

 r
an

ge
; M

D
S-

U
PD

R
S 

=
 M

ov
em

en
t 

D
is

or
d

er
 S

oc
ie

ty
-U

n
ifi

ed
 P

ar
ki

n
so

n
’s

 D
is

ea
se

 R
at

in
g 

Sc
al

e;
 M

oC
A

 =
 M

on
tr

ea
l C

og
n

it
iv

e 
A

ss
es

sm
en

t;
 P

D
 =

 P
ar

ki
n

so
n

’s
 d

is
ea

se
; S

D
 =

 s
ta

n
d

ar
d

 d
ev

ia
ti

on
. 

a
In

su
ffi

ci
en

t 
co

u
n

t 
fo

r 
st

at
is

ti
ca

l c
om

p
ar

is
on

. 
b
P 

<
 0

.0
01

.

2676 | BRAIN 2024: 147; 2668–2679                                                                                                                                L. Cook et al.



will also allow for a greater ability to characterize unique variants 
across populations looking for any enrichment.

In summary, this large study of genetic testing for Parkinson’s 
disease in North America and Caribbean sites confirms a relatively 
high rate of positive (abnormal) results, approximately 13% for re
portable or disease-relevant variants. Positive results were ob
served in up to 18% in people with genetic risk factors such as 
early AAO, high-risk ancestry or an affected first degree relative, 
but also 9% in people lacking any of these risk factors. As trials of 
gene-specific potentially disease-modifying treatments have be
gun, and genetic results may impact disease prognosis, possibly 
for management, and with certainty and clarity related to familial 
risks, we believe that clinical genetic testing should be offered to 
all people with Parkinson’s disease to empower them to act upon 
their genetic findings. Several strategies are underway to enhance 
the recruitment of other underserved populations into the last 
third of the study’s planned cohort.

Data availability
Deidentified data will be made available to qualified researchers 
who submit and provide a valid research question. Enquiries 
should be directed to R.N.A.
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