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IMPORTANCE Parkinson disease (PD) is heterogeneous in symptom manifestation and rate of
progression. Identifying factors that influence disease progression could provide mechanistic
insight, improve prognostic accuracy, and elucidate novel therapeutic targets.

OBJECTIVE To determine whether GBA mutations and the E326K polymorphism modify PD
symptom progression.

DESIGN, SETTING, AND PARTICIPANTS The entire GBA coding region was screened for
mutations and E326K in 740 patients with PD enrolled at 7 sites from the PD Cognitive
Genetics Consortium. Detailed longitudinal motor and cognitive assessments were
performed with patients in the on state.

MAIN OUTCOMES AND MEASURES Linear regression was used to test for an association
between GBA genotype and motor progression, with the Movement Disorder
Society–sponsored version of the Unified Parkinson’s Disease Rating Scale Part III
(MDS-UPDRS III) score at the last assessment as the outcome and GBA genotype as the
independent variable, with adjustment for levodopa equivalent dose, sex, age, disease
duration, MDS-UPDRS III score at the first assessment, duration of follow-up, and site. Similar
methods were used to examine the association between genotype and tremor and postural
instability and gait difficulty (PIGD) scores. To examine the effect of GBA genotype on
cognitive progression, patients were classified into those with conversion to mild cognitive
impairment or dementia during the study (progression) and those without progression. The
association between GBA genotype and progression status was then tested using logistic
regression, adjusting for sex, age, disease duration, duration of follow-up, years of education,
and site.

RESULTS Of the total sample of 733 patients who underwent successful genotyping, 226
(30.8%) were women and 507 (69.2%) were men (mean [SD] age, 68.1 [8.8] years). The
mean (SD) duration of follow-up was 3.0 (1.7) years. GBA mutations (β = 4.65; 95% CI,
1.72-7.58; P = .002), E326K (β = 3.42; 95% CI, 0.66-6.17; P = .02), and GBA variants combined
as a single group (β = 4.01; 95% CI, 1.95-6.07; P = 1.5 × 10−4) were associated with a more
rapid decline in MDS-UPDRS III score. Combined GBA variants (β = 0.38; 95% CI, 0.23-0.53;
P = .01) and E326K (β = 0.64; 95% CI, 0.43-0.86; P = .002) were associated with faster
progression in PIGD scores, but not in tremor scores. A significantly higher proportion of
E326K carriers (10 of 21 [47.6%]; P = .01) and GBA variant carriers (15 of 39 [38.5%]; P = .04)
progressed to mild cognitive impairment or dementia.

CONCLUSIONS AND RELEVANCE GBA variants predict a more rapid progression of cognitive
dysfunction and motor symptoms in patients with PD, with a greater effect on PIGD than tremor.
Thus, GBA variants influence the heterogeneity in symptom progression observed in PD.
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A lthough Parkinson disease (PD) is a common neuro-
degenerative disorder, our understanding of its
pathogenesis remains limited, and neuroprotective

therapies have been unattainable. Furthermore, the rate of
progression of symptoms is highly variable for reasons that
are poorly understood.1-3 Genetic and environmental factors
likely play a role in modifying the rate of disease progression.
The identification of genes that modify the rate of motor
and/or cognitive decline could provide targets for the rational
development of novel therapies that delay disease onset or
slow progression. Individual-level genotypes for such genes
might also be important to consider in the design and analy-
sis of interventional trials for PD.

A logical first step in seeking genetic modifiers for pro-
gression in PD is to examine well-established PD susceptibil-
ity genes. Loss-of-function mutations in the glucocerebrosi-
dase gene (GBA [OMIM 606463]) cause Gaucher disease, a
recessive lysosomal storage disorder. Heterozygous GBA mu-
tation carriers have a substantially increased risk for develop-
ing PD.4 Three studies5-7 have reported an association be-
tween GBA mutations and more rapid progression of motor
symptoms by Hoehn and Yahr stage in patients with PD. How-
ever, only one of these studies observed a significant differ-
ence in progression using the Unified Parkinson’s Disease Rat-
ing Scale Part III (UPDRS III),6 which is widely considered the
criterion standard for the assessment of motor symptoms in
PD.8 Furthermore, that study did not adjust for concurrent
dopamine replacement therapy (DRT), which strongly influ-
ences the UPDRS III score. One of the previous studies5 also
reported that GBA mutation carriers with PD displayed a more
rapid progression to dementia, but these results have not been
replicated. In addition, the GBA E326K polymorphism
(rs2230288), which in the homozygous state does not result
in Gaucher disease, conveys a modest risk for PD,9 but whether
E326K is associated with more rapid progression of motor or
cognitive symptoms is unknown.

In the present study, we examined the association of GBA
mutations and E326K with progression of motor symptoms,
as measured by the Movement Disorder Society–sponsored ver-
sion of the UPDRS III (MDS-UPDRS III),10 and cognitive de-
cline, as indicated by conversion to mild cognitive impair-
ment (MCI) or dementia, in a large multicenter longitudinal
cohort of patients with PD.

Methods
Patients
We performed detailed longitudinal assessments of 740 pa-
tients with PD who were volunteer research participants en-
rolled at 7 sites for the PD Cognitive Genetics Consortium, in-
cluding University of Pennsylvania, Philadelphia; Feinstein
Institute for Medical Research, Manhasset, New York; The
Johns Hopkins University, Baltimore, Maryland; Mayo Clinic,
Jacksonville, Florida; Pacific Northwest Udall Center (PANUC),
Portland, Oregon, and Seattle, Washington (all 6 are Morris K.
Udall Centers of Excellence for Parkinson’s Disease Re-
search); and Rush University Medical Center, Chicago, Illi-

nois. All patients met UK Parkinson Disease Society Brain Bank
clinical diagnostic criteria for PD (modified so that having
>1 affected relative with PD was not considered an exclusion
criterion).11 The institutional review boards at each of the par-
ticipating sites approved all study procedures. We obtained
standard protocol approvals, registrations, and written in-
formed consent from all study participants.

We examined all individuals in the on state (defined as the
period of time during which a patient’s motor symptoms im-
prove after DRT) if they were receiving DRT. The UPDRS III was
administered at all visits to all patients at the University of
Pennsylvania and the Feinstein Institute for Medical Re-
search and at the baseline visit for 9 patients at the PANUC in
Seattle. These scores were converted to MDS-UPDRS III equiva-
lents using a calibration formula.12 The MDS-UPDRS III was ad-
ministered to all other patients. We calculated the levodopa
equivalent dose at each assessment for individuals receiving
PD medications as previously described.13 Clinical evalua-
tions were performed at approximately 1- to 2-year intervals.

All patients also underwent detailed cognitive testing as
previously described (eMethods in the Supplement).14,15 At 5
of the 7 sites, these data were reviewed at diagnostic consen-
sus conferences and patients were classified as having no cog-
nitive impairment, MCI, or dementia using previously re-
ported diagnostic procedures.16-18

Genotyping
Genomic DNA was extracted from peripheral blood samples
or saliva samples using standard methods. The entire GBA cod-
ing region was sequenced in all patients to capture all known
pathogenic mutations (defined as those reported in patients
with Gaucher disease) and nonsynonymous polymorphisms,
including rs2230288 (E326K). Seven patients failed genotyp-
ing, for a sequencing success rate of 99.1%. All sequencing was
performed at a single laboratory at the PANUC in Seattle using
previously described methods.14

Statistical Analysis
Several clinical and demographic factors influence perfor-
mance on the MDS-UPDRS III, particularly DRT. Furthermore,
medication dosage and response often vary over time for each

Key Points
Question Do variants in the GBA gene modify symptom
progression in Parkinson disease (PD)?

Finding Variants in GBA were associated with more rapid
progression of motor symptoms in patients with PD, with a greater
effect on postural instability and gait difficulty than tremor.
A higher proportion of GBA variant carriers progressed to mild
cognitive impairment and dementia.

Meaning Variants of GBA influence the heterogeneity in symptom
progression observed in PD, and thus, GBA genotype might be
important to consider in the design and analysis of interventional
trials. This study provides the rationale for larger-scale longitudinal
analyses to identify additional genetic modifiers of PD
progression.
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patient. Thus, adjusted scores that account for dosage and
response to DRT at each assessment are required to evaluate
changes in MDS-UPDRS III performance within and across
individuals. To assess the association between GBA genotype
and motor symptom progression while accounting for the
effects of DRT, we performed a 2-stage, adjusted-outcome
regression. In the first stage, we modeled the association
between the MDS-UPDRS III score and levodopa equivalent
dose using a linear mixed-effects model that controlled for
sex, age, and disease duration at each assessment. The residu-
als from the model yielded adjusted MDS-UPDRS III scores. In
the second stage, we used multiple linear regression to test
for the association between GBA genotype and the adjusted
MDS-UPDRS III score at the last assessment, using the
adjusted MDS-UPDRS III score at the first assessment, the
duration of follow-up (interval between assessments), and
study site as covariates. The resulting regression coefficient
for genotype is the estimated difference in the adjusted MDS-
UPDRS III score at the last assessment comparing GBA carriers
and noncarriers with the same adjusted MDS-UPDRS III score
at the first assessment and the same interval between assess-
ments. Additional details of the analysis are provided in the
eMethods in the Supplement.

We subsequently performed post hoc analyses to exam-
ine the association of GBA genotype with progression in tremor
and postural instability and gait difficulty (PIGD) scores using
the items from each category that overlap between the
UPDRS III and MDS-UPDRS III. The tremor score was calcu-
lated as the sum of items 3.16 and 3.17 from the MDS-UPDRS
III or items 3.20 and 3.21 from the UPDRS III; the PIGD score
was calculated as the sum of items 3.10 and 3.12 from the MDS-
UPDRS III or items 3.29 and 3.30 from the UPDRS III. We used
the same 2-stage, adjusted-outcome regression approach de-
scribed above to test for the association of GBA genotype with
progression of tremor and PIGD scores.

To examine the association of cognitive decline with GBA
genotype, we first dichotomized patients with PD into those
with cognitive progression and nonprogression. Individuals
were categorized with progression if (1) their first cognitive di-
agnosis was no cognitive impairment or MCI and their last di-
agnosis was dementia or (2) their first diagnosis was no cogni-
tive impairment and their last diagnosis was MCI. Individuals
were considered not to have progressed if they did not prog-
ress into a more impaired category between the first and last
assessments. Patients who were diagnosed with dementia at
their first visit were excluded. We used logistic regression to
test for the association of progression with genotype, with ad-
justment for sex, age, disease duration at the first assessment,
duration of follow-up, years of education, and site. Unless oth-
erwise indicated, continuous data are given as mean (SD).

We analyzed pathogenic GBA mutations and the E326K
polymorphism in 3 different combinations. All GBA muta-
tions and E326K were combined as a single group (hereinaf-
ter referred to as GBA variants). We also analyzed GBA muta-
tions alone and E326K alone. A dominant model was used for
all GBA variants. For all tests, P < .05 was considered signifi-
cant. All analyses were performed using R software (version
3.2.3) with the lme4 package.19,20

Results

The baseline characteristics of the 733 study participants at each
site who underwent successful genotyping are summarized in
Table 1. Two hundred twenty-six patients (30.8%) were women,
and 507 patients (69.2%) were men. In the overall cohort at the
first clinical assessment, the mean age was 68.1 (8.8) years, and
the mean disease duration since symptom onset was 8.6 (6.0)
years. The number of visits per patient ranged from 2 to 8 (mean
[SD], 3.1 [1.5]), and 321patients (43.8%) had 3 or more visits. The
raw, unadjusted mean MDS-UPDRS III score (including con-
verted UPDRS III scores) was 27.6 (12.8), and the median Hoehn
and Yahr stage was 2.0 (interquartile range, 2.0-3.0). Six hun-
dred eighty-three patients (93.2%) were receiving DRT at the
first assessment.

A total of 11 pathogenic mutations, 5 variants of unknown
significance, and 3 nonsynonymous single-nucleotide poly-
morphisms were observed within the cohort (Table 2). Twenty-
seven patients (3.7%) carried 1 or more pathogenic muta-
tions; 26 of these individuals were simple heterozygotes and
1 (known to also have Gaucher disease) was a compound het-
erozygote. Thirty-two patients (4.4%) were heterozygous for
E326K; one of these individuals also carried a pathogenic mu-
tation and for the purpose of analysis was assigned exclu-
sively to the mutation carrier group.

The clinical and demographic characteristics of study par-
ticipants at the first clinical assessment by GBA genotype group
are presented in Table 3. Across genotype groups, we found a
significant difference in sex, age, and prevalence of dementia.

The raw, unadjusted mean change in MDS-UPDRS III score
per year was 3.0 (9.9) for mutation carriers, 3.8 (5.3) for E326K
carriers, 3.4 (7.7) for carriers of any GBA variant, and 2.0 (6.6)
for noncarriers. After adjustment for important covariates, in-
cluding levodopa equivalent dose at each assessment, motor
progression was significantly greater in carriers of a mutation
(β = 4.65; 95% CI, 1.72-7.58; P = .002), E326K (β = 3.42; 95%
CI, 0.66-6.17; P = .02), or any GBA variant (β = 4.01; 95% CI,
1.95-6.07; P = 1.5 × 10−4) compared with noncarriers (Table 4).
Inspection of the β coefficients in Table 4 shows that the ef-
fect size for GBA mutations was similar though slightly larger
than for E326K.

Because GBA variants were associated with more rapid pro-
gression of overall motor symptoms, we then examined whether
a similar association existed with progression of the symptoms
that are used to define the PIGD and tremor-dominant motor
subtypes.21 We found no significant association between GBA
mutations or E326K, individually or combined, with progres-
sion in tremor scores (Table 4). However, E326K (β = 0.64; 95%
CI, 0.43-0.86; P = .002) and the combined GBA variant group
(β = 0.38; 95% CI, 0.23-0.53; P = .01) were associated with faster
progression in PIGD scores compared with noncarriers.

During the study, a higher proportion of GBA E326K carri-
ers (10 of 21 [47.6%]; P = .01), but not mutation carriers (5 of 18
[27.8%]; P = .69), progressed to MCI and dementia compared
with noncarriers. The association with conversion to MCI and
dementia was also significant for the combined GBA variant
group (15 of 39 [38.5%]; P = .04) (Table 5).
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Discussion

In this study, we examined the association of GBA variants with
motor and cognitive progression in a large, multicenter PD co-
hort. We found that carriers of GBA pathogenic mutations and
the E326K polymorphism had faster motor symptom progres-
sion and that a higher proportion of E326K carriers progressed
to MCI and dementia. Our study is unique for 2 reasons. First,
we used the MDS-UPDRS III, a much more sensitive measure of
motor symptoms than the Hoehn and Yahr stage, while adjust-
ing for important confounders that included concurrent DRT.
Second, we demonstrated that a common GBA polymorphism
that occurs at a frequency similar to that of all pathogenic mu-
tations combined is associated with motor and cognitive decline.

Our results are generally consistent with those from 3 re-
cent longitudinal studies of motor progression in GBA-related
PD, despite significant differences in methods.5-7 Brockmann
and colleagues6 found a significantly greater increase in UPDRS
III scores during a 3-year period in 13 patients with PD and GBA
N370S or L444P mutations compared with 26 matched non-
carriers with PD. However, in contrast to our study, they did not
adjust for concomitant DRT, which strongly influences UPDRS
III scores. Also, although our analyses included all pathogenic
GBA mutations, Brockmann et al6 only included the 2 most com-
mon mutations. In a community-based incident cohort, Winder-

Rhodes and colleagues5 reported that patients with PD and a
pathogenic GBA mutation (n = 4) or 1 of 3 single-nucleotide poly-
morphisms (T369M, E326K, or L119L; total, 11 patients) pro-
gressed to Hoehn and Yahr stage 3 more quickly than noncar-
riers (n = 106). However, they did not report analyses of
individual polymorphisms, so whether E326K alone was asso-
ciated with motor progression remained unclear. Although the
UPDRS III was administered to patients in their cohort, it was
not included in analyses of progression. Davis and colleagues7

examined the effect of carrying the GBA N370S mutation on the
rate of motor progression using the Hoehn and Yahr stage and
the UPDRS III. In a sample of 425 patients with PD who were en-
rolled in studies at Washington University, St Louis, Missouri,
or in the Parkinson Progression Markers Initiative and fol-
lowed up for a mean of 2.7 years, Davis et al7 found an associa-
tion between N370S and faster progression in Hoehn and Yahr
stage. However, in contrast to our study, Davis et al did not find
a significant association between N370S and rate of progres-
sion as measured by the UPDRS III in the Washington Univer-
sity cohort (using data collected in the off state or in both the
on and off states) or in the Parkinson Progression Markers Ini-
tiative cohort (where the on or off state was not specified). This
discordance in findings might be explained by the fact that our
study had substantially greater power because of the larger over-
all size of the cohort and our inclusion of all pathogenic GBA mu-
tations rather than N370S alone.

Table 1. Baseline Characteristics of PD Cohort

Site
No. of
Patients

Female
Sex,
No. (%)

White
Race,
No. (%)

Age at First
Evaluation,
Mean (SD),
y

Disease
Duration,
Mean (SD),
y

MDS-UPDRS
III Score,
Mean (SD)a

Duration
of
Follow-up,
Mean (SD),
y

LED, Mean
(SD), mg

DRT,
No. (%)

Hoehn and
Yahr Stage,
Median
(IQR)

Dementia,
No. (%)b

PANUC,
Seattle,
Washington

321 119 (37.1) 310 (96.6) 66.6 (9.5) 8.8 (5.9) 24.8 (11.5) 2.6 (1.1) 623.4 (490.5) 293 (91.3) 2.0 (2.0-2.5) 37 (11.5)

University
of
Pennsyl-
vania,
Philadelphia

213 68 (31.9) 200 (93.9) 70.3 (7.5) 7.5 (5.2) 28.6 (13.0) 4.6 (1.9) 720.5 (474.4) 203 (95.3) 2.0 (2.0-2.5) 16 (7.5)

PANUC,
Portland,
Oregon

98 14 (14.3) 95 (96.9) 67.3 (7.5) 10.1 (6.8) 29.5 (13.9) 2.3 (0.6) 871.1 (561.0) 96 (98.0) 2.5 (2.0-2.5) 10 (10.2)

The Johns
Hopkins
University,
Baltimore,
Maryland

33 10 (30.3) 33 (100) 68.3 (8.6) 9.1 (4.9) 34.0 (11.9) 1.0 (0.1) 894.1 (563.5) 33 (100) 2.0 (2.0-3.0) 5 (15.2)

Rush
University,
Chicago,
Illinois

37 10 (27.0) 34 (91.9) 73.4 (5.9) 10.6 (4.0) 37.7 (14.1) 2.1 (0.3) 834.9 (424.7) 37 (100) 2.0 (2.0-3.0) 6 (16.2)

Mayo Clinic,
Jackson-
ville, Florida

18 2 (11.1) 16 (88.9) 68.0 (11.4) 11.9 (10.9) 25.4 (13.6) 1.2 (0.1) 735.3 (348.9) 18 (100) 2.0 (1.0-2.0) NA

Feinstein
Institute for
Medical
Research,
Manhasset,
New York

13 3 (23.1) 13 (100) 60.7 (8.8) 1.6 (0.8) 25.7 (8.2) 1.7 (1.9) 23.1 (43.9) 3 (23.1) 2.0 (1.5-2.0) NA

All 733 226 (30.8) 701 (95.6) 68.1 (8.8) 8.6 (6.0) 27.6 (12.8) 3.0 (1.7) 699.7 (505.0) 683 (93.2) 2.0 (2.0-3.0) 74 (10.1)

Abbreviations: DRT, dopamine replacement therapy; IQR, interquartile range;
LED, levodopa equivalent dose; MDS-UPDRS III, Movement Disorder
Society–sponsored version of the Unified Parkinson’s Disease Rating Scale Part III;
NA, not available; PANUC, Pacific Northwest Udall Center; PD, Parkinson disease.

a Performed in the on state if the patient was receiving medication.
b Two sites (Mayo Clinic and Feinstein Institute for Medical Research) did not

render a cognitive diagnosis.
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In our PD cohort, we found that a higher proportion of GBA-
variant carriers progressed to MCI or dementia compared with
noncarriers, although this association only reached signifi-
cance in the E326K group and not the mutation group. In the
study by Winder-Rhodes and colleagues,5 patients with PD who
carried GBA mutations but not single-nucleotide polymor-
phisms (including E326K) progressed to dementia more rap-
idly than noncarriers. Overall, the findings from both studies

are largely consistent with one another despite substantial dif-
ferences in the analytic methods used and the manner in which
patients were ascertained. We believe that the seemingly dis-
cordant findings for mutation carriers and single-nucleotide
polymorphism carriers observed in the 2 studies are likely at-
tributable to the modest sample size of each genotype group.
Larger, better-powered longitudinal studies will be needed to
determine whether the risk for cognitive progression varies
across classes of GBA variants.

We found that in addition to more rapid cognitive and over-
all motor progression, patients with PD who carried a GBA vari-
ant displayed a faster decline in PIGD scores but not tremor
scores. This finding is consistent with findings from a recent
study of patients with PD that showed that after adjusting for
non-PIGD items on the MDS-UPDRS III, a higher PIGD score was
associated with more severe deficits in global cognition, ex-
ecutive function, memory, and phonemic fluency.22

Our data add to a growing body of literature that links GBA
variants to multiple facets of PD. Case-control studies have
shown that GBA mutations and E326K increase the risk for
PD,4,9 and cross-sectional studies indicate that both are asso-
ciated with an earlier age at onset14,23 and a higher preva-
lence of dementia with relatively greater impairment in work-
ing memory and/or executive function and visuospatial
abilities.14,24 We now demonstrate that GBA mutations and
E326K predict more rapid progression of motor symptoms and
that E326K is associated with cognitive decline. Taken to-
gether, these data suggest that the overall clinical profile is more
severe in GBA-related PD. The fact that the magnitude of the
effect of E326K on progression of motor symptoms (Table 4)
and cognitive dysfunction (Table 5) is similar to or larger than
that of GBA mutations is somewhat surprising because E326K
does not cause Gaucher disease.23,25-29 However, although
E326K is a nonconserved residue and is not predicted to sig-
nificantly alter glucocerebrosidase enzyme activity in silico,
several studies expressing GBA constructs with E326K sug-
gest that this polymorphism reduces enzyme activity.27,30,31

The mechanisms through which GBA influences PD patho-
genesis remain unclear, but growing evidence suggests that the
increased risk for PD in GBA carriers is due to decreased gluco-
cerebrosidase function rather than a toxic gain of function. Glu-
cocerebrosidase enzyme activity assayed from blood samples
is decreased in GBA mutation and polymorphism carriers with

Table 2. GBA Variants Observed

Varianta No. of Patients
Pathogenic mutationsb,c

IVS2 + 1G>A (splice site) 1

84dupG (frameshift) 2

S125N 1

R163X (premature stop) 1

S196P 1

F216Y 1

914delC (frameshift) 1

N370S 8

D409H 1

L444P 10

R496H 1

Variants of unknown significanced

R(-32)T 1

P(-28)S 1

F316I 1

V460L 1

S488T 1

Nonsynonymous SNPse

K(-27)R 2

E326K 32

T369M 18

Abbreviation: SNP, single-nucleotide polymorphism.
a Only individuals who carried a pathogenic GBA mutation or the E326K

polymorphism were included in analyses.
b One individual carried 2 separate pathogenic mutations and 1 individual

carried a pathogenic mutation and E326K.
c Defined as a variant that has been reported to cause Gaucher disease.
d Indicates variants not linked to Gaucher disease with a minor allele frequency

of less than 0.01 in controls.
e Indicates an amino acid–altering variant not linked to Gaucher disease with a

minor allele frequency of greater than 0.01 in controls.

Table 3. Baseline Characteristics of GBA Carriers and Noncarriers

Characteristic

Carriers
Noncarriers
(n = 675) P Valuea

Mutation
(n = 27)

E326K
(n = 31)

Female sex, No. (%) 10 (37.0) 16 (51.6) 200 (29.6) .03

White race, No. (%) 26 (96.3) 28 (90.3) 645 (95.6) .60

Age, mean (SD), y 64.0 (9.0) 65.5 (11.1) 68.4 (8.6) .009

MDS-UPDRS III, mean (SD) 31.8 (10.6) 26.5 (12.4) 27.5 (12.9) .20

Disease duration, mean (SD), y 9.5 (4.9) 7.5 (5.4) 8.7 (6.1) .46

Duration of follow-up, mean (SD), y 2.8 (1.4) 2.7 (1.5) 3.0 (1.7) .36

LED, mean (SD), mg 969.7 (505.7) 695.2 (476.3) 696.7 (505.7) .70

Hoehn and Yahr stage, median (IQR) 2 (2.0-2.5) 2 (2.0-2.75) 2 (2.0-2.5) .97

Dementia, No. (%)b 9 (33.3) 7 (24.1) 58 (9.0) 2 × 10−4

Abbreviations: IQR, interquartile
range; LED, levodopa equivalent
dose; MDS-UPDRS III, Movement
Disorder Society–sponsored version
of the Unified Parkinson’s Disease
Rating Scale Part III.
a Calculated from the χ2 test for

categorical variables and 1-way
analysis of variance for continuous
traits.

b A cognitive diagnosis was not
available for 2 E326K carriers and
29 noncarriers.
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PD, including E326K, to a greater extent than in noncarriers with
PD.32 Recent work in animal and cell culture models of gluco-
cerebrosidase deficiency suggests that GBA mutations lead to
impaired degradation of misfolded proteins through disrup-
tion of autophagic flux, resulting in accumulation of
α-synuclein.33-36 It is possible that GBA influences different mo-
lecular pathways at different stages of PD.

Our study has several limitations. Most of our cohort re-
ceived DRT, and all such individuals were examined in the on
state. Ideally, in studies of motor progression, individuals
should be examined in the off state. However, requiring indi-
viduals to undergo assessments in the off state becomes im-
practical with advancing disease and motor disability and
might result in dropout bias. To address this issue, we ad-
justed for levodopa equivalent dose for all individuals who re-
ceived DRT in our analyses. Our cohort was primarily white and
had a higher-than-average level of education. Thus, our sample
might not be representative of all patients with PD. Finally, we
combined longitudinal motor and cognitive data from mul-
tiple sites, which could have increased heterogeneity, al-
though all of our analyses were adjusted for study site.

The identification and characterization of genetic modifi-
ers for motor and cognitive progression in PD will not only im-

prove our understanding of pathologic mechanisms underly-
ing the disease and reveal novel targets for neuroprotective
therapies but also could have significant clinical implications.
For example, a priori genotyping of key modifying genes could
be used to better predict prognosis and target patients who are
at risk for faster progression for earlier interventions such as
physical therapy, more aggressive medical therapy, or deep brain
stimulation. In addition, patients with PD who are enrolled in
clinical trials of potential neuroprotective therapies could be
stratified based on genotype to create more homogeneous
groups, thus increasing power to detect treatment effects.

Conclusions
Variants of GBA are associated with faster progression of mo-
tor symptoms and more rapid conversion to MCI and demen-
tia in a multicenter cohort of patients with PD. These findings
provide evidence that genetic modifiers, such as GBA variants,
account for some of the clinical heterogeneity observed in PD.
Our study provides a strong rationale for future studies of larger
multicenter longitudinal cohorts using an unbiased genome-
wide approach to identify additional genetic modifiers of PD.
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