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RESEARCH ARTICLE

Differences in Survival across Monogenic
Forms of Parkinson’s Disease

Aymeric Lanore, MD ,1,2 Fanny Casse, MSc,1 Christelle Tesson, PhD,1

Thomas Courtin, MD,1,3 Poornima Jayadev Menon, MD,1,2,4 Sara Sambin, MD, PhD ,1,2

Graziella Mangone, MD, PhD,1,2,5 Louise-Laure Mariani, MD, PhD,1,2 Suzanne Lesage, PhD,1

Alexis Brice, MD,1,3 Alexis Elbaz, MD, PhD ,6 and Jean-Christophe Corvol, MD, PhD,1,2†

for the French Clinicians Network for Parkinson’s Disease Genetics (the PDG Group)

Objective: Survival of patients with monogenic Parkinson’s disease may depend on the causative genes associated
with the disease. In this study, we compare survival of patients with Parkinson’s disease according to the presence of
SNCA, PRKN, LRRK2, or GBA mutations.
Methods: Data from the French Parkinson Disease Genetics national multicenter cohort study were used. Patients with
sporadic and familial Parkinson’s disease were recruited between 1990 and 2021. Patients were genotyped for the
presence of mutations in the SNCA, PRKN, LRRK2, or GBA genes. Vital status was collected from the National death
register for participants born in France. Hazard ratios (HRs) and 95% confidence intervals (CIs) were computed using
multivariable Cox proportional hazards regression.
Results: Of the 2,037 patients with Parkinson’s disease, 889 had died after a follow-up of up to 30 years. Patients with
PRKN (n = 100, HR = 0.41; p = 0.001) and LRRK2 mutations (n = 51, HR = 0.49; p = 0.023) had longer survival than
those without any mutation, whereas patients with SNCA (n = 20, HR = 9.88; p < 0.001) or GBA mutations (n = 173,
HR = 1.33; p = 0.048) had shorter survival.
Interpretation: Survival differs across genetic forms of Parkinson’s disease, with higher mortality for patients with SNCA
or GBA mutations, and lower mortality for those with PRKN or LRRK2 mutations. Differences in severity and disease pro-
gression among monogenic forms of Parkinson’s disease likely explain these findings, which has important consequences
for genetic counselling and choice of end points for future clinical trials for targeted therapies.

ANN NEUROL 2023;94:123–132

Introduction
Parkinson’s disease (PD) is a multifactorial neurodegenerative
disorder characterized by motor and non-motor symptoms.
The mortality rate of patients with idiopathic PD is higher
than that of the general population and is heterogeneous

between patients.1 Demographic factors, such as increasing
age and male gender, have been associated with higher mor-
tality. Differences in mortality may also be related to disease
progression profiles, with some patients having a relatively
stable clinical course and others a more rapid progression of
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the disease. Indeed, the onset of postural instability and cog-
nitive impairment are considered important milestones in the
progression of idiopathic PD, and the dominant tremor phe-
notype may have a slower progression.2 Consistently, higher
mortality was reported in patients with idiopathic PD featur-
ing greater motor impairment, cognitive decline, axial signs,
and nondominant tremor forms.1 Autopsies of brains of
patients with idiopathic PD have shown an association
between motor progression and more advanced neu-
rodegeneration.3 Akineto-rigid dominant phenotype and cog-
nitive impairment were associated with more extensive Lewy
body (LB) pathology and more cortical disease.4

Genetics allow for a complementary approach to clini-
cally and pathologically subtype patients with PD.5 Although
PD is commonly sporadic, about 5% to 10% of patients
with PD have monogenic forms6; with mutations in SNCA,
LRRK2, and VPS35 being responsible for dominant forms of
PD, whereas those mutations in PRKN, PINK1, and PARK7
being responsible for recessive forms. GBA mutations are con-
sidered a strong risk factor for PD.7 Although rare and more
difficult to study, monogenic forms of PD represent a more
homogeneous population in terms of clinical presentation
and neuropathological involvement. Only a few studies have
examined the specificities of mortality rates in monogenic
forms of PD. Compared to idiopathic PD, a single study
suggested a better survival in patients with LRRK2 mutations,
whereas data on GBA mutations were inconsistent in 2 inde-
pendent studies.8–10 No data on the survival of PD patients
with SNCA or PRKN mutations are available in the literature.
By crossing the data from the French registry of death and
the French PD genetic network database, our aim was to esti-
mate and compare the mortality rate in patients with PD

with the most frequent SNCA, PRKN, LRRK2, and GBA
mutations, as compared to patients with PD without patho-
genic variants and to the general population.

Materials and Methods
Patients
We used data from the French Parkinson Disease Genetics Net-
work. Patients with PD (fulfilling the UK Brain Bank criteria11)
were recruited between 1990 and 2021. As the main objective of
this cohort was to identify genetic mutations, it was enriched
with patients with familial and early onset PD. Patients were
screened for known PD-associated genes using standard
genotyping or sequencing methods. Age at onset of PD, gender,
and ethnicity were collected. Informed consent was obtained
from all participants and the genetic studies were approved by
local ethics committees. Vital status until September 6, 2021,
was obtained from the French national mortality database, which
records deaths of French citizens since 1970.12

Genetic Analyses
Patients enrolled between 1990 and 2021 were analyzed by vari-
ous gene screening techniques, as previously described13,14:
between 1990 and 2011, patients with PD were screened by
denaturing high-performance liquid chromatography (dHPLC)
for PRKN and/or by direct Sanger sequencing for PRKN
(n = 666), PINK1 (n = 578), PARK7 (n = 157), whole LRRK2
(n = 160), SNCA (n = 270), and VPS35 (n = 200 for the
whole gene and n = 873 for VPS35 exon 15) screening. Exon
re-arrangements were detected by semiquantitative polymerase
chain reaction (PCR) for PRKN and SNCA or the salsa multiplex
ligation-dependent probe amplification method. From 2012, all
patients found not to carry any mutations screened by Sanger/
MLPA methods and newly recruited patients were analyzed
either by targeted sequencing of implemented customized gene

FIGURE 1: Flow chart. PD = Parkinson’s disease.
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panels (n = 487, including 77 with panel 4, see supplementary
data) and/or whole-exome sequencing (n = 613).

Most patients were screened for the LRRK2 G2019S
mutation using the TaqMan allelic discrimination Assay-By-
Design method and/or Sanger sequencing of the LRRK2 exon
41 (n = 1748). Due to the high homology of GBA and its
neighboring pseudogene GBAP, the whole GBA gene was
screened by long-range PCR, either by Sanger sequencing
(n = 1,407) as previously described15 or by the next-generation
sequencing (NGS) method (n = 316).16

For genes associated with recessive forms of PD, patients
were considered as mutated if mutations are in homozygous, com-
pound heterozygous state (validated by co-segregation analyses), or
double heterozygous of unknown phase. GBA mutations have
been classified as mild or severe: mild mutations are those that
cause type I Gaucher Disease, and severe mutations are those that
cause type II and III Gaucher Disease.17 Newly identified variants
in this study predicted as “pathogenic” using different in silico
algorithms, including the Combined Annotation Dependent

Depletion score (CADD) and benign variants or those of
unknown significance were considered as “undetermined.”

Statistical Analyses
Analyses were restricted to patients born in France as vital status
was only available for French patients,12 and to patients carrying
mutations in SNCA, PRKN, GBA, or LRRK2, or without muta-
tions in these genes. We excluded patients (1) with mutations in
2 or more genes associated to PD or related to PD, (2) with
mutations in genes other than SNCA, PRKN, GBA, or LRRK2
(Table S2), (3) not tested for any of the 4 SNCA, PRKN, GBA,
and LRRK2 genes, or (4) for whom baseline visit date was miss-
ing. Survival analyses were censored at age 85 years due to poten-
tial under-ascertainment of deaths afterward; therefore, we also
excluded patients first seen after 85 years of age.

Patients were followed from the baseline visit (entry date
into the cohort) until date of death, age of 85 years, or September
6, 2021, whichever occurred first. We used Cox proportional haz-
ards models to compute hazard ratios (HRs) and 95% confidence

TABLE 1. Characteristics of the Study Population

% Age at onset Age at first visit
Delay between first
visit and onset Deaths Age at death

Mutation F N Mean SD N Mean SD N Mean SD N Mean SD

Total 41.1 1890 50.0 13.2 2037 59.0 13.0 1890 8.8 7.0 889 72.9 9.4

No
mutationa

39.9 468 50.3 11.4 476 59.0 11.7 468 8.7 7.0 204 73.4 8.7

GBA No 39.6 1,490 48.8 13.4 1,579 58.3 13.2 1,490 9.3 7.3 701 72.8 9.5

Yes 52.6 169 50.3 11.7 173 58.5 12.1 169 8.1 6.0 92 73.2 8.8

Mild 53.3 103 51.1 11.1 107 60.3 11.7 103 9.1 6.1 63 73.1 9.3

Severe 47.2 36 49.6 13.6 36 56.3 12.1 36 6.7 5.6 18 72.3 8.2

Undetermined 56.7 30 48.5 11.4 30 55.1 12.9 30 6.6 5.5 11 75.1 6.3

Unknown statusb 42.8 231 57.1 11.2 285 63.2 11.3 231 6.2 4.5 96 73.8 9.3

LRRK2 No 41.3 1,474 50.4 12.5 1,598 59.6 12.1 1,474 9.0 6.9 739 73.3 8.6

Yes 41.2 50 51.1 11.9 51 60.1 12.4 50 8.9 6.4 14 74.8 8.9

Unknown statusb 40.5 366 48.1 15.9 388 56.4 15.8 366 8.1 7.6 136 70.6 12.6

PRKN No 42.7 1,408 54.8 11.0 1,422 62.8 11.0 1,408 8.0 6.0 692 74.7 8.0

Yes 52.0 96 31.5 11.6 100 46.3 13.5 96 14.9 9.9 22 71.0 8.3

Unknown statusb 34.8 386 37.1 7.0 515 51.0 12.6 386 10.3 8.4 175 66.3 11.4

SNCA No 42.5 1,122 46.4 13.0 1,167 55.6 13.0 1,122 9.3 7.5 454 71.6 10.0

Yes 60.0 19 43.4 8.0 20 49.6 8.3 19 5.7 3.4 14 58.4 10.0

Unknown statusb 38.8 749 55.6 11.7 850 63.9 11.2 749 8.2 6.2 421 74.9 7.9

Abbreviation: SD = standard deviation.
aNo mutation in the GBA, LRRK2, PRKN, and SNCA genes.
bNot screened for the corresponding gene.
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intervals (CI); we included a random effect (shared frailty) to
account for intra-familial correlations. Because patients were not
followed since the onset of the disease, the time scale was the time
since the first visit, and models were adjusted for age at the first
visit (restricted cubic splines), gender, and delay between PD onset

and first visit (coded in quartiles, with a missing category for
patients with unknown date of PD onset). Survival proportions
were predicted, based on the Cox model.

The model included 4 variables corresponding to the
4 genes, each coded in 3 categories (0 = no mutation; 1 = muta-
tion carrier; and 9 = unknown status for patients who were not
tested for the gene). All patients were not tested for the 4 genes;
hence, some participants had unknown status for some mutations
but not for others. As the 4 genes were included in the same
model with a separate category for missing values, patients without
mutations in any of the 4 genes represent the reference group for
each of the 4 genes; this approach allowed us to exclude from the
reference category, patients with a mutation in any of the 4 genes
and those not tested for at least one gene. For each gene, we esti-
mated the HR of death in patients with a mutation compared to
those without mutations in any of the genes; for these analyses,
we did not correct for multiple testing as they are not exploratory
and are restricted to the 4 main PD genes that were defined a
priori. We then compared the mutations one to another one while
correcting for multiple testing (Bonferroni correction). In sensitiv-
ity analyses, we examined GBA mutations according to their sever-
ity. These analyses were performed in patients of all origins and
then restricted to those of European origin.

We computed the statistical power of the survival analyses
based on the risk of death (43.6% = 889/2037) and the frequency

FIGURE 2: Age-specific mortality rates in men and women
with Parkinson’s disease. Dotted lines represent mortality
rates (per 1,000 person-years) and shaded areas their 95%
confidence intervals (CIs). Men are depicted with black
triangles and women with grey circles.

TABLE 2. Comparison of Mortality Rates in Patients with Parkinson’s Disease According to the Type of
Mutations and in Patients Without Any Mutation

Patients born in France Patients born in France and of European origin

Mutation HR (95% CI) p HR (95% CI) p

No mutationa 1.00 (reference) – 1.00 (reference) –

GBA Any mutation 1.33 (1.00–1.78) 0.048 1.34 (0.99–1.83) 0.064

Mild 1.27 (0.91–1.79) 0.162 1.27 (0.89–1.81) 0.187

Severe 1.63 (0.89–3.00) 0.114 1.76 (0.90–3.42) 0.097

Undetermined 1.24 (0.57–2.67) 0.584 1.27 (0.57–2.83) 0.563

Mild + Undetermined 1.27 (0.92–1.75) 0.144 1.27 (0.91–1.77) 0.161

Severeb 1.63 (0.89–3.00) 0.114 1.76 (0.90–3.42) 0.097

p-trend 0.114 p-trend 0.097

LRRK2 0.49 (0.26–0.90) 0.023 0.32 (0.14–0.73) 0.006

PRKN 0.41 (0.24–0.70) 0.001 0.38 (0.22–0.66) 0.001

SNCA 9.88 (4.78–20.40) < 0.001 9.49 (4.27–21.10) < 0.001

Note: HRs and 95% CIs computed using a multivariable Cox proportional hazards model with shared frailty that includes all the mutations in the
same model. We used time since first visit as the time scale, and models were adjusted for age (restricted cubic splines), sex, delay between onset and
first visit (in quartiles), and a random effect (frailty variance theta = 0.494, standard error = 0.117, p < 0.001). Patients without mutations in GBA,
LRRK2, PRKN, and SNCA represent the reference group.
aNo mutation in the GBA, LRRK2, PRKN, and SNCA genes.
bSevere versus mild + undetermined: p = 0.454; in Europeans only: p = 0.371.
Abbreviation: CI = confidence interval; HR = hazard ratio.
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of mutations in the four genes for a range of HRs (Fig S1). Statisti-
cal power varied across different genes and was lowest to detect
HR < 2 for SNCA, followed by GBA undetermined and GBA
severe categories.

Finally, we computed standardized mortality ratios
(SMRs; standardized by sex, 5 year age group, and calendar
year) to compare mortality rates in patients with PD, overall
and by mutation, to those from the French general popula-
tion.18 The SMR is the ratio of the number of deaths
observed in a population over a given period to the number
that would be expected over the same period if the study pop-
ulation had the same age- and sex-specific rates as the standard
population. If the SMR is > 1, it is interpreted as excess mor-
tality in the study population, whereas an SMR < 1 corre-
sponds to lower than expected mortality.

Results
Of the 2,237 patients born in France, we excluded
23 patients with mutations in 2 or more genes associ-
ated to PD or related to PD, 42 patients with mutations

in genes other than SNCA, PRKN, GBA, or LRRK2
(Table S2), 112 patients were not tested for any of the
4 genes, 8 patients with an unknown date of first visit,
and 15 patients first seen after 85 years (Fig 1). We
included in the analyses 2,037 patients (41.1% women;
91.9% of European origin) from 1,304 families:
771 families included one patient, 372 with 2 patients;
133 with 3 patients; and 28 included ≥ 4 patients. Of
these patients, 20 had SNCA mutations, 100 had PRKN
mutations (38 with homozygous mutations, 41 with
compound heterozygous mutations, and 21 with double
heterozygous PRKN mutations), 173 had GBA mutations
and 51 had LRRK2 G2019S mutations (see Fig 1). Patient
characteristics and their genetic status are shown in
Table 1. At baseline, patients with SNCA (49.6 years, stan-
dard deviation [SD] = 8.3) or PRKN mutations
(46.3 years, SD = 13.5) were younger than patients with
GBA (58.5 years, SD = 12.1) or LRRK2 mutations
(60.1 years, SD = 12.4) or those without any mutation

FIGURE 3: Predicted survival probabilities in patients with Parkinson’s disease by type of mutations compared to parkinsonian
patients without any mutation. M, males; F, females. No mutation: No mutation in the GBA, LRRK2, PRKN, and SNCA genes.
Survival probabilities (%) since the first visit until the end of the study are predicted by the Cox model with shared frailty for men
and women aged 60 years old at the first visit and in the first quartile of the delay between the first visit and PD onset (0 to
3.6 years, mean = 2.0, standard deviation = 0.9). The horizontal lines represent the percentiles of the survival times (25th, 50th
[median survival], and 75th). Survival analyses were censored at the age of 85 years.
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TABLE 3. Percentiles of Survival Curves in Men and Women by Age at First Visit and by Type of Mutations

Percentiles of survival curves

Age at Men Women

first visit Mutation 75th 50th 25th 75th 50th 25th

40 No mutation* 20.7 - - - - -

GBA 18.3 - - 23.6 - -

LRRK2 - - - - - -

PRKN - - - - - -

SNCA 6.8 11.0 15.0 9.5 15.0 19.9

45 No mutation* 19.2 - - 25.7 - -

GBA 17.1 25.7 - 22.2 - -

LRRK2 - - - - - -

PRKN - - - - - -

SNCA 6.1 9.9 13.8 8.6 13.4 18.1

50 No mutation* 17.1 25.7 - 22.2 - -

GBA 14.6 22.3 - 19.5 - -

LRRK2 22.8 - - - - -

PRKN 25.7 - - - - -

SNCA 5.0 8.6 12.2 7.4 11.6 16.1

55 No mutation* 13.9 20.6 - 18.3 - -

GBA 12.4 18.3 25.7 16.1 23.6 -

LRRK2 19.5 - - - - -

PRKN 20.6 - - - - -

SNCA 3.8 6.8 9.9 5.8 9.4 13.4

60 No mutation* 11.1 16.8 22.5 14.4 21.6 -

GBA 9.6 14.5 20.0 13.0 19.2 -

LRRK2 15.3 22.5 - 20.1 - -

PRKN 16.8 - - 21.6 - -

SNCA 2.6 5.0 7.6 4.2 7.4 10.3

65 No mutation* 8.4 13.2 17.9 11.4 17.3 23.1

GBA 7.4 11.4 15.8 9.9 14.9 20.0

LRRK2 12.2 18.1 - 16.1 - -

PRKN 13.2 19.8 - 17.3 - -

SNCA 1.7 3.4 5.7 2.8 5.2 8.0

Note: Percentiles of survival curves were determined based on survival probabilities since first visit (age comprised between 40 to 65 years) until the end of
the study (maximum follow-up of 30 years) predicted by the Cox model with shared frailty for men and women in the first quartile of delay between age at
first visit and PD onset (0 to 3.6 years, mean = 2.0, standard deviation = 0.9). Patients were followed until a maximum age of 85 years.
Empty cells correspond to situations in which the percentage of patients alive at the end of the follow-up was greater than the corresponding percentile.
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(59.0 years, SD = 13.2). After a mean follow-up of
11.8 years (SD = 6.2, range = 1–30), 889 patients died
(mortality rate = 37.1/1000 person-years, 95%
CI = 34.7–39.6). Mortality rates were higher in men than
in women and increased with age (Fig 2).

Patients with LRRK2 (HR = 0.49; p = 0.023) or
PRKN (HR = 0.41; p = 0.001) mutations had longer
survival than those without any mutation, whereas
patients with SNCA (HR = 9.9; p < 0.001) or GBA
(HR = 1.3; p = 0.048) mutations had shorter survivals
(Table 2, Fig 3). Similar findings were obtained in ana-
lyses restricted to European patients (see Table 2). For
types of GBA mutations, HRs were higher for severe
than mild or undetermined mutations, but none of the
HRs were statistically significant (see Table 2).

Survival was similar for patients with LRRK2 and PRKN
mutations (HR = 1.18, 95% CI = 0.53–2.58, p = 0.6891).
Alternatively, patients with SNCAmutations had worse survival
than those with any of the other mutations (GBA, HR= 7.43,
95% CI = 3.50–15.77, p = 1.7 � 10�7; LRRK2,
HR = 20.36, 95% CI = 7.98–51.92, p = 2.8 � 10�10; and
PRKN, HR = 23.92, 95% CI = 10.11–56.60,
p = 4.8 � 10�13). Patients with GBA mutations had a worse
survival than those with LRRK2 (HR = 2.74, 95%
CI = 1.41–5.29, p = 0.0027) and PRKN mutations
(HR= 3.22, 95%CI= 1.94–5.63, p= 4.1 � 10�5). These
differences remained significant after correction for multiple
testing (p-Bonferroni= 0.05/6= 0.0083).

Table 3 shows estimates of the median survival. For
instance, in men aged 65 years at the first visit, the median
survival for patients without any mutations was 13.2 years,
whereas it increased to 19.8 years for patients with PRKN
mutations and to 18.1 years for patients with LRRK2

mutations; the median survival for patients with GBA
mutations was reduced to 11.4 years, and it was only
3.4 years for patients with SNCA mutations (see Table 3).

We then compared survival of patients with PD of
our cohort, with and without mutations, to the French
general population. The SMR was 2.6 (95% CI = 2.4–
2.8) overall and 2.4 (95% CI = 2.1–2.8) in patients
without any mutation (Table 4). The highest SMRs
were seen for SNCA (16.5, 95% CI = 7.9–25.1)
followed by GBA (3.4, 95% CI = 2.7–4.2). SMRs were
greater than 1 but considerably smaller and not statisti-
cally significant for PRKN (1.6, 95% CI = 0.9–2.3)
and LRRK2 (1.3, 95% CI = 0.6–1.9). Overall, the
SMR decreased slightly in analyses restricted to patients
with a delay between the onset and the first visit
≤ 5 years (2.1, 95% CI = 1.9–2.4), likely due to the
inclusion of patients with less advanced PD.

Discussion
Compared with patients without any mutation, patients with
PRKN or LRRK2 mutations had increased survival whereas
patients with SNCA or GBA mutations showed reduced sur-
vival. SMRs were consistent with these results, with SNCA
and GBA mutations showing a strong effect on mortality
compared to the general population, whereas PRKN and
LRRK2 mutations had a considerably weaker effect. To our
knowledge, this is the first study to compare mortality across
mutated genes associated with PD, and to provide survival
estimates for patients with SNCA and PRKNmutations.

Longer survival in patients with PRKN compared with
patients without any mutations is consistent with the relatively
benign, predominantly motor, course of the disease.13,19

Although earlier in onset, the progression of motor impairment

TABLE 4. SMRs Overall and According to the Type of Mutations

PD cases with delay between onset and first visit ≤ 5 years

Mutation O E SMR (95% CI) p O E SMR (95% CI) p

All cases 889 342.0 2.6 (2.4–2.8) < 0.0001 220 102.3 2.1 (1.9–2.4) < 0.0001

No mutationa 204 84.3 2.4 (2.1–2.8) < 0.0001 56 28.0 2.0 (1.5–2.5) 0.0002

GBA 92 26.7 3.4 (2.7–4.2) < 0.0001 25 8.5 2.9 (1.8–4.1) 0.0010

LRRK2 14 11.1 1.3 (0.6–1.9) 0.4411 2 3.1 0.6 (0.1–1.5) 0.4449

PRKN 22 13.4 1.6 (0.9–2.3) 0.0670 2 1.1 1.8 (0.1–4.2) 0.5441

SNCA 14 0.8 16.5 (7.9–25.1) 0.0004 6 0.2 28.1 (5.6–50.4) 0.0182

Note: SMRs were computed by using mortality rates from the French population, by sex, 5-year age groups, and calendar time.
aNo mutation in the GBA, LRRK2, PRKN, and SNCA genes.
Abbreviation: CI = confidence interval; E = expected number of deaths; O = observed number of deaths; PD = Parkinson’s disease;
SMRs = standardized mortality ratios.
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in patients with bi-allelic PRKNmutations is slower, with cog-
nitive impairment and autonomic nervous system dysfunction
less pronounced than in patients with idiopathic PD.20–22 This
pattern of progression may be related to neuronal loss limited
primarily to the substantia nigra and the absence of alpha syn-
uclein neuronal inclusions on pathology.23

By contrast, in our study, patients with SNCA muta-
tions had shorter survival compared to those without any
mutations and higher mortality compared to the general
population. A previous study of 32 patients with the SNCA
G209A mutation reported a mean survival of 9.7 years
(SD= 3.8) after disease onset, which is consistent with the
survival distribution we found for patients with SNCA
mutations.24 The latter appear to have more severe motor
and non-motor progression with severe cardiovascular
autonomic dysfunction20 and early cognitive decline.25,26

Moreover, patients with SNCA mutations have diffuse
alpha synuclein aggregates and cortical involvement that
can lead to rapid disease progression and differential
mortality.23

The better survival of patients with the LRRK2
G2019S mutation we observed is consistent with a previous
report of 159 patients with LRRK2 mutations showing a
trend toward longer survival compared with 1,088 patients
with idiopathic PD.10 These findings are consistent with
LRRK2 mutations being associated with slower motor
decline and milder cognitive impairment compared to those
with idiopathic PD.21,27 At the pathological level, LBs may
be absent from some patients carrying LRRK2mutations.23

Mortality data are more controversial for GBA muta-
tions. Similar to our findings, a study of 123 patients
with GBA mutations reported an HR of 1.85 (95%
CI = 1.2–2.8) and a trend toward higher mortality for
severe mutations.9 Two smaller studies also found increased
mortality.8,28 On the other hand, one study comparing the
survival of 148 mild and 43 severe GBA-mutated patients
with 1,088 patients with idiopathic PD found no effect of
these mutations on mortality.10 Our findings are in favor of
a higher mortality for patients carrying GBAmutations. The
observed trend toward higher mortality for severe GBA
mutations supports our main findings. GBA mutations
have also been associated with worse PD progression and
non-motor symptoms, such as cardiovascular autonomic
dysfunction20 and cognitive decline,29 supporting the
hypothesis that higher mortality is likely due to more severe
progression. Pathologically, GBA mutations were associated
with widespread cortical LBs.23

Although patients with PRKN and SNCA mutations
had earlier PD onset, we showed that their survival dif-
fered widely, suggesting that age of onset is not the main
prognostic factor in these monogenic forms. SNCA and
GBA mutations are more strongly associated with LB

pathology and a more rapid motor and non-motor pro-
gression than PRKN and LRRK2 mutations.

In patients with idiopathic PD, cognitive decline has
been associated with increased mortality.1 Pneumonia has
been consistently identified as a major cause of death of
patients with PD, accounting for 20% to 30% of
deaths.30–34 In PD, the presence of cognitive impairment
is associated with a higher incidence of aspiration pneumo-
nia, which may explain the higher mortality.35 Autonomic
dysfunction has been associated with shorter survival in
idiopathic PD, possibly mediated by falls and the resulting
consequences.36 Beyond their association with PD pro-
gression, mutations in SNCA or GBA genes could lead to
death by non-neurological mechanisms, such as sudden
cardiac arrest. However, sudden cardiac arrest seems to be
rare in patients with PD.31 These hypotheses need to be
confirmed by cause-of-death analyses, which were not
available in our study.

Our results have several important clinical implica-
tions. First, in genetic counselling, although genetic
results do not yet lead to a change in treatment, it allows
patients to have a more accurate prediction of the pro-
gression of their disease37 and enhances practitioners’
awareness of the management of mutation specific com-
plications, including autonomic disorders and cognitive
impairment. Second, our results could have an important
impact in drug development designs for upcoming preci-
sion clinical trials,38 in particular on the use of survival as
an end point for rapidly progressive forms of PD linked
to SNCAmutations.

However, our study has some limitations. First,
analyses were performed using time since the first visit
rather than from the onset of PD. For most patients, the
baseline visit occurred several years after disease onset,
which may lead to include patients who survived until
study entry (survival bias). Therefore, to address this
issue, analyses were adjusted for age at onset and time
from symptom onset to inclusion. Second, because vital
status was only available for patients born in France, the
population is mostly European, which may have led to
under-representation of certain genetic mutations, such
as LRRK2.39 Third, our cohort enriched with familial and
early age at onset of patients with PD may not be repre-
sentative of the general PD population. However, the
SMR of the whole cohort was very similar to what has
been described in an early onset PD population.40

Fourth, the small number of patients with SNCA muta-
tions led to imprecise point estimates due to wide CIs.
Statistical power varied across different genes, and was
lowest to detect small effects for SNCA, followed by GBA
with undetermined and severe types, which hampered
our ability to examine the influence of GBA mutations’
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severity. Fifth, our analyses were not adjusted for impor-
tant risk factors of death, in particular cardiovascular
risk factors. As the frequency of these risk factors may be
different in different ethnic groups, we restricted the
analyses to patients of European origin and found similar
results. Sixth, heterogeneity in the gene screening
methods used led to some patients not being tested for all
4 genes and may have led to an under identification of
mutations in other genes. However, whether patients
were screened or not for a gene is non-differential with
respect to vital status, and this would bias associations
toward the null. In addition, other genetic factors may be
involved in survival, such as single nucleotide polymor-
phisms (SNPs) in apolipoprotein E associated to survival
in the general population41 and the polygenic risk score
for PD associated with faster cognitive decline and pro-
gression of motor symptoms.42 Further studies taking
genetic and non-genetic factors into account could be
carried out.

In conclusion, survival differs across genetic forms of
PD, with poorer survival for mutations linked to more
aggressive forms (SNCA and GBA), and longer survival for
those associated with a more benign disease course (PRKN
and LRRK2). Our results suggest that mortality is related
to disease progression rather than age at onset, which is of
major importance for prognosis and genetic counselling.
With the emergence of therapies targeting monogenic PD,
these results also provide a basis for the design of future
precision clinical trials.
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Broussolle (site investigator, Department of Neurology, Civil
Hospices of Lyon, Lyon, France), Jean-Christophe Corvol
(site investigator, Centre for Clinical Investigations, CIC-
1422, Paris Brain Institute, Pitié-Salpêtrière Hospital, Paris,
France), Philippe Damier (site investigator, Centre for Clinical
Investigations, CIC-0004, Laennec Hospital, Nantes, France),
Luc Defebvre (site investigator, Department of Neurology
and Pathology of the Movements, Roger Salengro Hospital,
Lille, France), Alexandra Dürr (site investigator, Paris Brain
Institute, Pitié-Salpêtrière Hospital, Paris, France), Franck
Durif (site investigator, Department of Neurology, University
Hospital Center, Clermont-Ferrand, France), Jean Luc
Houeto (site investigator, Department of Neurology, Centre
for Clinical Investigations, CIC-1402, University Hospital,
Poitiers, France), Paul Krack (site investigator, Department of
Neurology, University Hospital, Bern, Switzerland), Stephan
Klebe (site investigator, Department of Neurology, University
Hospital, Essen, Germany), Suzanne Lesage (site investigator,
INSERM Unit 1,127, Paris Brain Institute, Pitié-Salpêtrière
Hospital, Paris, France), Ebba Lohmann (site investigator,
Department of Neurodegenerative Diseases, Hertie Institute
for Clinical Brain Research, Tübingen, Germany), Maria
Martinez (site investigator, INSERM Unit 563, Toulouse,
France), Graziella Mangone (site investigator, Centre
for Clinical Investigations, CIC-1422, Pitié-Salpêtrière
Hospital, Paris, France), Louise-Laure Mariani (site inves-
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Pollak (site investigator, Department of Neurology, University
Hospital Center, Grenoble, France), Olivier Rascol (site inves-
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cology, Clinical Investigation Center CIC 1436, University
Hospital, Toulouse, France), François Tison (site investigator,
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France), Christine Tranchant (site investigator, Department of
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Vérin (site investigator, Department of Neurology, University
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