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Objective: Parkinson’s disease (PD) is a complex neurodegenerative disorder. Men are on average  1.5 times more
likely to develop PD compared to women with European ancestry. Over the years, genomewide association studies
(GWAS) have identiﬁed numerous genetic risk factors for PD, however, it is unclear whether genetics contribute to disease etiology in a sex-speciﬁc manner.
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Methods: In an effort to study sex-speciﬁc genetic factors associated with PD, we explored 2 large genetic datasets from the
International Parkinson’s Disease Genomics Consortium and the UK Biobank consisting of 13,020 male PD cases, 7,936 paternal
proxy cases, 89,660 male controls, 7,947 female PD cases, 5,473 maternal proxy cases, and 90,662 female controls. We performed GWAS meta-analyses to identify distinct patterns of genetic risk contributing to disease in male versus female PD cases.
Results: In total, 19 genomewide signiﬁcant regions were identiﬁed and no sex-speciﬁc effects were observed. A high
genetic correlation between the male and female PD GWAS were identiﬁed (rg = 0.877) and heritability estimates
were identical between male and female PD cases (~ 20%).
Interpretation: We did not detect any signiﬁcant genetic differences between male or female PD cases. Our study
does not support the notion that common genetic variation on the autosomes could explain the difference in prevalence of PD between males and females cases at least when considering the current sample size under study. Further
studies are warranted to investigate the genetic architecture of PD explained by X and Y chromosomes and further
evaluate environmental effects that could potentially contribute to PD etiology in male versus female patients.
ANN NEUROL 2021;90:35–42
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arkinson’s disease (PD) is an age-related, progressive neurodegenerative disorder. On average, men are ~ 1.5 times
more likely to develop PD compared to women in European
ancestry cohorts.1 The reasons for the increased risk in men
(relative to women) is not well understood. Possible explanations might include different degrees of exposure to environmental risk factors (such as pesticides and heavy metals),
putative risk and protective factors (head trauma, caffeine, and
urate), the inﬂuence of sex-speciﬁc hormones, differential
aging, cardiovascular risk, and life expectancy, or potential
genetic factors, either linked or independent of these other factors.2–5
There are also differences in the clinical presentation of
PD by sex, female patients are more likely to experience dyskinesia and a slower decline in performance of activities of
daily living, whereas it has been shown that male patients
have a higher risk of developing cognitive impairment.6
Symptoms that present into the earliest phases of PD also differ by sex; rapid eye movement (REM) sleep behavior disorder (RBD) is much more common in men, and depression
and anxiety appear to be more common in women.7,8 PD is
a genetically complex disease, with a substantial genetic component explained by rare and common variants.9 Several large
case-control genomewide association studies (GWAS) have
been performed, the most recent of which identiﬁed 92 risk
signals across 80 loci.10,11 Over the last 20 years, we have
gained a great deal of insight into the genetic architecture and
etiology of PD and this now serves as the basis for several
therapeutic approaches. However, the interplay between sex
and genetics in PD has not been broadly investigated and it
is currently unknown whether the genetic risk varies between
men and women. Here, we investigate whether there is a difference in the genetic architecture of autosomal risk according
to genetic sex using multiple large case-control cohorts.

Methods
International Parkinson’s Disease Genomics
Consortium Data
Genotyping data, all derived from Illumina platform-based
genotyping, was obtained from members of the International
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Parkinson’s Disease Genomics Consortium (IPDGC), collaborators, and publicly available datasets (Supplementary
Table S2). All PD cases were diagnosed using standard
UK Brain bank or the Movement Disorder Society
(MDS) criteria.12,13 Control participants were excluded if
they had any known neurological disease. All datasets
underwent quality control separately, both on individuallevel data and variant-level data, before imputation was
performed, as previously described.11,14 Quality control
steps included: relatedness ﬁltering (PIHAT > 0.125, at
the level of ﬁrst cousin one random individual was
removed from each pair), removal of genetic ancestry outliers departing 6 standard deviations from the European
CEU/TSI HapMap3 populations, removal of samples
with call rates < 95% and whose genetically determined
sex from X-chromosome did not match that from clinical
data, as well as samples exhibiting excess heterozygosity
estimated by an F-statistic >  0.15. The quality control
process and underlying scripts for ﬁltering can be found at
https://github.com/neurogenetics/GWAS-pipeline.
Filtered genotype data was imputed using the Michigan
imputation server with the Haplotype Reference Consortium reference panel r1.1 2016 under default settings with
phasing using the EAGLE option.15,16 For GWAS analyses, variants passing the post-imputation quality criteria
of R2 > 0.3 and minor allele frequency (MAF) > 1% were
included. Data were split into male and female datasets
based on genetic sex. Sex speciﬁc case-control GWAS
were performed using RVTESTS (version 20190205)
under default settings17 using logistic regression on genotype dosages adjusted for the following covariates: age at
onset for cases and age of last examination for controls
(for a small subset age was not available and missing
values were imputed with the mean value using imputeCov), principal components (PCs) 1 to 5 to
account for population stratiﬁcation, and dataset origin.
Age was not included in 3 datasets due to missing data
(MF, VANCE) or co-linearity (FINLAND). PCs were calculated from non-imputed genotype data using FlashPCA
(version 2.0).18
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UK Biobank Data
Imputed UK Biobank (UKB) genotype data (version 3) was
downloaded (April 2018) under application number
33601.19,20 PD cases were identiﬁed using data ﬁelds
42032 and 42033. “Proxy” PD cases were included as part
of the analyses, considering individuals who reported a parent affected with PD (paternal PD = data ﬁeld 20107 and
maternal PD = data ﬁeld 20110) because it has been previously shown to share genetic risk with PD cases.11 Controls
were set as people with no report of PD, and no parent
affected with PD, and with an age of recruitment over
60 (data ﬁeld 21022). Covariates were obtained from the
data ﬁelds: age of recruitment (data ﬁeld 21022) and
Townsend index (data ﬁeld 189). Individuals were ﬁltered
for relatedness (PIHAT > 0.125, at the level of ﬁrst cousin
one random individual was removed from each pair) based
on the pre-imputed genotype data using Genomewide
Complex Trait Analysis (GCTA).21 Only European ancestry individuals were included from data ﬁeld 22006.
Imputed genotypes were converted to PLINK2.pgen ﬁles
using PLINK2 (version v2.00a2LM)22 and ﬁltered for missingness (removing samples with variant missingness > 0.1
and MAF < 0.01), Hardy–Weinberg equilibrium of
p ≥ 1E-6 and imputation quality (R2 > 0.8). GWAS was
performed using PLINK2 logistic regression with covariates,
including age of recruitment, Townsend index, and 5 PCs
generated by FlashPCA to account for population substructure.18 Four GWAS were performed in the UKB data
(1) male PD cases versus male controls, (2) female PD cases
versus female controls, (3) subjects with a father affected
with PD versus controls, and (4) subjects with a mother
affected with PD versus controls (Supplementary Table S2).
Proxy conversion was performed as previously described.23
Additional Analyses
Post GWAS quality control was applied to remove variants
with an MAF < 1%, unrealistic beta values for GWAS (> 5
or < 5), and multi-allelic variants. Sex-speciﬁc meta-analyses
were performed using METAL version 2018-08-28 under
default settings.24 Post GWAS meta-analysis, the following
ﬁltering steps were further applied: variants present in at
least 13 out of the 19 datasets and displaying an I2 heterogeneity value of < 80 were included. Mirror Manhattan
plot generated with both ﬁltered datasets using the Hudson
package (https://github.com/anastasia-lucas/hudson). Linkage Disequilibrium Score regression (LDSC) was performed
to calculate the genetic correlation between summary statistics.25 To assess differences in the magnitude of associations
between men’s and women’s heterogeneity tests were performed. Additionally, genetic heritability was calculated
excluding the UKB proxies for men and women separately.
All ﬁgures and statistical calculations were created and
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performed using R (version 4.0.3) or Python (version 3.7).
The genetic risk score was estimated using IPDGC data,
and11 as the reference dataset to deﬁne risk-weighted alleles.
Locus numbering was obtained as previously described.26
Large effect size variants from the GBA and LRRK2 regions
were excluded (rs76763715, rs35749011, rs34637584, and
rs114138760).

Results
Initial Data Overview
After quality control, we included 13,020 male PD cases,
7,936 paternal proxies, 89,660 male controls, 7,947 female
PD cases, 5,473 maternal proxies, and 90,662 female controls
totaling 214,698 individuals (Supplementary Table S2). The
odds ratio for PD in men versus women (excluding proxies)
was 1.72 (95% conﬁdence interval [CI] = 1.66–1.78). Metaanalyses at MAF > 1%, variant present at least 13 out of the
19 datasets and displaying an I2 heterogeneity value of < 80
resulted in 7,153,507 variants passing quality control for men
and 7,141,404 variants for women. No evidence of genomic
inﬂation was observed, with Lambda 1000 and LDSC intercept values of 1.0013 and 0.9548 (SE = 0.0077) for male
PD GWAS and 1.0008 and 0.9516 (SE = 0.0077) for
female PD GWAS. In total, 14 and 13 genomic regions
reached genomewide signiﬁcance in the male and female
GWAS meta-analyses respectively, of which 8 were identiﬁed
in both and 11 were only genomewide signiﬁcant in either
GWAS. However, all these 11 genomic regions show signiﬁcant signals at p > 1E-4, similar effect sizes and overlapping
95% CIs of regression coefﬁcients (Fig 1). As expected and
previously reported in the largest PD GWAS meta-analysis,11
the SNCA and MAPT loci were the main signiﬁcant hits in
both the male and female speciﬁc GWAS (see Fig 1), where
the top SNCA variant was rs356182; (PD_male: p = 3.47E44, beta = 0.256, SE = 0.0184; and PD_female:
p = 1.41E-25, beta = 0.219, SE = 0.0209) and top MAPT
variant was rs75010486; (PD_male: p = 1.48E-32, beta =
0.244, SE = 0.0206; and PD_female: p = 5.02E-29,
beta = 0.268, SE = 0.0239). Where the SNCA locus represents the association between SNCA gene expression and PD
risk and the MAPT locus the association between MAPT
haplotypes H1/H2 and PD risk.
Comparing Parkinson’s Disease Risk Signals
Between Men and Women
To identify potential genetic differences in risk for PD, we
performed four main analyses: (1) a genomewide LDSC
correlation between male and female speciﬁc summary statistics, (2) an analysis of whether the known cumulative
genetic risk score was different between men and women,
(3) an assessment of whether the known PD risk variants
from ref. 11 were affecting men and women differently,
37
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FIGURE 1: Mirror Manhattan plot of male and female speciﬁc Parkinson’s disease GWAS. On the top male PD GWAS, and
bottom female PD GWAS. The red line indicates the -log10 p value genomewide signiﬁcant threshold of 5E-8. Green dots
indicate variants passing genomewide signiﬁcance. Note that green highlighted signals do not represent male or female speciﬁc
Parkinson’s disease GWAS signals and that for each region of interest nominal signiﬁcance is identiﬁed in the opposite
Manhattan plot. Signals are annotated based on the closest gene from ref. 11. GWAS = genomewide association studies; PD =
Parkinson’s disease.

and (4) an investigation for potential novel sex-speciﬁc
associations in male and female speciﬁc summary statistics.
The genomewide correlation using LDSC resulted in a
very high genetic correlation between the male and female
PD GWASes (rg = 0.877, SE = 0.0699) which was
highly signiﬁcant at a p = 4.24E-36. This shows that on
an autosomal genetic level, PD risk is similar between men
and women as it is similar among self-reported, clinically
diagnosed, and family history deﬁned cases with genetic
correlations at 84% or more as shown in ref. 11 when
comparing IPDGC (clinically diagnosed) summary statistics with 23andMe data (mostly self-reported; rg = 0.85)
or UK Biobank (rg = 0.84; family history deﬁned cases).
Heritability estimates (excluding UKB proxies) were similar
between males and females (h2_male = 0.2077,
SE = 0.0238, and h2_female = 0.1857, SE = 0.0304) as
expected based on previous estimates.
Next, we tested whether there was a difference of
cumulative genetic risk score, based on known GWAS hits
and using weights from ref. 11 between male and female
PD cases using the IPDGC data. Each cohort was analyzed
separately and results were meta-analyzed. Meta-analysis
showed that there was no difference between the cumulative genetic risk score in men and women with PD,
p = 0.572 (Fig 2). Subsequently, we investigated whether
any of the known GWAS risk signals were associated with
38

FIGURE 2: Meta-analysis of the genetic risk score versus male/
female status shows no difference between “genetic load” of
Parkinson’s disease associated risk. Red diamond indicates the
effect estimate (odds ratio) and 95% conﬁdence interval of
the aggregate result. CI = conﬁdence interval; GRS = genetic
risk score; SNP = single nucleotide polymorphism. [Color
ﬁgure can be viewed at www.annalsofneurology.org]

PD differently between male and female cases. Out of the
90 independent risk signals from the most recent PD
GWAS,11 85 were present in the sex-speciﬁc GWAS
Volume 90, No. 1
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FIGURE 3: (A) Beta-beta plot of11 genome wide signiﬁcant risk signals. Very high correlation (Pearson correlation R2 > 0.95) is
observed between effect sizes from the male and female speciﬁc GWAS. Additional details can be found in Supplementary
Table S2. (B) Effect sizes of the male PD GWAS hits passing genomewide signiﬁcance plotted versus matching female PD GWAS
effect sizes. (C) Effect sizes of the female PD GWAS hits passing genome wide signiﬁcance plotted versus matching male PD
GWAS effect sizes. GWAS = genomewide association studies; PD = Parkinson’s disease. [Color ﬁgure can be viewed at www.
annalsofneurology.org]

summary statistics. An almost perfect correlation was
observed between the effect sizes of the sex-speciﬁc GWAS
for these 85 variants (Pearson correlation R2 > 0.95;
Fig 3A, Supplementary Table S3). Similarly, high correlations were found comparing effect sizes between male PD
GWAS and ref. 11 (> 0.98) and female PD GWAS and
ref. 11 (> 0.96). Minor differences were observed in some
instances. For example, the GALC genomic region (locus
58, rs979812) showed slight differences in magnitude of
effect in men versus women; PD_male p = 0.06462,
beta = 0.031, SE = 0.0168; PD_female p = 3.07E-06,
beta = 0.0895, SE = 0.0192, and p_difference = 0.0218.
However, these were not signiﬁcant following multiple test
corrections (Supplementary Table S3).
Finally, we investigated the full summary statistics to
identify potential new sex speciﬁc hits that have not been
identiﬁed yet as PD GWAS risk signals. All variants passing p < 5.0E-8 from the male PD GWAS were extracted
and compared to the summary statistics of the female PD
GWAS and vice versa. When plotting the effect sizes of
these variants, no differences were observed between male
PD GWAS and female PD GWAS effect sizes of variants
passing p < 5.0E-8 (see Fig 3B, C).

Discussion
Men are ~ 1.5 times more likely to develop PD compared
to women in European ancestry. This is similar to dementia with Lewy bodies (DLB), which is also more common
in men, but in contrast with Alzheimer’s disease (AD) in
which women are almost 1.5 to 2 times more likely to
develop disease.27 Where on the phenotype level slight
differences are observed between men and women in PD,
DLB, and AD and overall men have a faster progression/
cognitive decline and shorter lifespan after diagnosis.6,27
Sex-dependent autosomal effects on clinical progression of
July 2021

AD have been observed28 and data on sex-dependent
autosomal effects for other neurodegenerative diseases is
lacking. Here, we assessed whether an autosomal genetic
difference explains these differences by performing GWAS
using several large case-control datasets and separating
these by men and women. Overall, based on the results
presented here, we could not identify that autosomal
genetics contributes to the difference of observed prevalence between men and women. As expected, the results
from the sex-speciﬁc GWAS are highly similar to previous
PD GWAS and in particular to the PD GWAS from
2011 with a very similar sample size (15 K cases).27
The question of what actually causes the difference
in prevalence will need to be further evaluated. One possibility is genetic variation on the sex chromosomes. Chromosome X contains ~ 850 genes and chromosome Y ~ 70
genes and account for ~ 5% and ~ 2% of the human
genome size, respectively. Although there is ongoing work
in this area, thus far, no association has been found that
can explain the signiﬁcant over-representation of male PD
patients. In the most recent X chromosome association
study, one replicated genomewide signal was identiﬁed
and no differences were identiﬁed between male and
female effect size.28 Given that chromosome Y is only present in men, it could be a good candidate for increased
risk. Currently, no large genetic association studies have
been performed to investigate if certain chromosome Y
haplotypes are over-represented in cases versus controls.
There are reports stating that certain Y chromosome genes
show male-speciﬁc effects for potential dopaminergic
loss.29 Besides the differences in sex chromosomes in men
and women, there are several other differences not directly
assessed here that may likely contribute to sex differences
in PD, including (1) differences in gene expression in cells
and tissues on both autosomes and sex chromosomes,30,31
(2) hormone production, and (3) the environment
39
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including for example smoking behavior.32 All these possibilities need to be studied further with a speciﬁc
focus on PD.
As for any GWAS study, there are limitations. First,
due to the study design, we can only investigate common
variants that are present in the imputation panels, meaning that we cannot investigate rare variants and structural
variation.33,34 Second, given that the majority of the data
included in this study was also used in the discovery of
the known 90 risk variants from ref. 11 and sex was used
as a covariate in that analysis, it is not surprising that there
is a high correlation of effect sizes between the male and
female speciﬁc GWAS results from Figure 3A due to circularity. However, by using a more unbiased approach in
Figure 3B and C no differences in effect sizes were identiﬁed for any genomewide signiﬁcant hits from the sexspeciﬁc GWAS. Third, although we included a very large
number of cases and controls, there could be small effect
size variants that play a role in disease, not currently
detected due to lack of statistical power.
Overall, by combining our manuscript with Guen
et al. we provide evidence that there are no male or female
speciﬁc PD GWAS hits and that the difference in prevalence of PD between men and differences females cannot
be explained by common genetics when considering the
current sample size under study. Further studies are
warranted to investigate the genetic architecture of PD
explained by the sex chromosomes and further evaluate
environmental effects that could potentially contribute to
PD etiology in men versus differences.
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