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Abstract
Objective
To test the relationship between clinically relevant types ofGBAmutations (none, risk variants,
mild mutations, severe mutations) and β-glucocerebrosidase activity in patients with Parkinson
disease (PD) in cross-sectional and longitudinal case-control studies.

Methods
A total of 481 participants from the Harvard Biomarkers Study (HBS) and the NIH Parkinson’s
Disease Biomarkers Program (PDBP) were analyzed, including 47 patients with PD carrying
GBA variants (GBA-PD), 247 without aGBA variant (idiopathic PD), and 187 healthy controls.
Longitudinal analysis comprised 195 participants with 548 longitudinal measurements over
a median follow-up period of 2.0 years (interquartile range, 1–2 years).

Results
β-Glucocerebrosidase activity was low in blood of patients with GBA-PD compared to healthy
controls and patients with idiopathic PD, respectively, in HBS (p < 0.001) and PDBP (p < 0.05)
in multivariate analyses adjusting for age, sex, blood storage time, and batch. Enzyme activity in
patients with idiopathic PD was unchanged. Innovative enzymatic quantitative trait locus
(xQTL) analysis revealed a negative linear association between residual β-glucocerebrosidase
activity and mutation type with p < 0.0001. For each increment in the severity of mutation type,
a reduction of mean β-glucocerebrosidase activity by 0.85 μmol/L/h (95% confidence interval,
−1.17, −0.54) was predicted. In a first longitudinal analysis, increasing mutation severity types
were prospectively associated with steeper declines in β-glucocerebrosidase activity during
a median 2 years of follow-up (p = 0.02).

Conclusions
Residual activity of the β-glucocerebrosidase enzyme measured in blood inversely correlates
with clinical severity types of GBA mutations in PD. β-Glucocerebrosidase activity is a quan-
titative endophenotype that can be monitored noninvasively and targeted therapeutically.
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Mutations in the GBA gene, encoding the enzyme β-glu-
cocerebrosidase, are common and important genetic
factors for Parkinson disease (PD).1–3 Homozygous mu-
tations in the GBA gene cause Gaucher disease (GD),
a lysosomal-storage disorder characterized by accumula-
tion of glucosylceramide due to reduced β-glucocere-
brosidase activity. Genotypes in GD correlate with the
clinical phenotype, which is defined by the absence of
neurologic signs (non-neuropathic GD) or presence and
severity of neurologic signs (acute and chronic neuropathic
GD).4 Based on this genotype–phenotype correlation
in GD, GBA mutations are traditionally classified as ei-
ther mild or severe types. Similar to GD, a significant
genotype–phenotype relationship has been reported in
patients with PD carrying mostly heterozygous GBA
mutations. Severe types of GBA mutations are associated
with more aggressive cognitive decline2,5 and reduced
survival rates5 in longitudinal studies. Patients with PD
with severe types of GBA mutations also have increased
susceptibility for PD compared to those with mild types or
wild-type.6 Despite this substantial genotype–phenotype
correlation, the underlying pathomechanistic link between
the type of GBA mutations and PD phenotypes remains
unclear. A growing body of evidence from experimental and
clinical data is consistent with the theory that perturbations
of β-glucocerebrosidase and the GBA-regulated sphingoli-
pids pathway are a critical disease mechanism of PD.7–15

However, whether specific types of GBA mutations dif-
ferentially affect β-glucocerebrosidase activity in PD has
not been evaluated. Moreover, β-glucocerebrosidase ac-
tivity has not been evaluated longitudinally and this is
critical for its development as target biomarker in proof-of-
concept trials.

We hypothesized that clinically relevant types of GBA muta-
tions quantitatively regulate β-glucocerebrosidase activity in
heterozygous patients with PD.

Methods
Clinical cohorts
We attempted to locate frozen whole blood samples from
patients with PD with aGBAmutation (GBA-PD) available in
biobanks in the United States and Europe. Samples were
identified in the Harvard Biomarkers Study (HBS) and Par-
kinson’s Disease Biomarkers Program (PDBP) biobanks
(figure 1A). We then matched patients with GBA-PD within

each biobank with age- and sex-similar healthy controls and
patients with idiopathic PD without GBA variants and with
multiple longitudinal biosamples.

Harvard Biomarkers Study cohort 1 (HBS-1)
Clinical data and frozen whole blood samples from 117 par-
ticipants enrolled in the HBS2,3,16–18 between May 2006 and
January 2016 were analyzed. HBS is a longitudinal case–
control study designed for biomarkers and drug target dis-
covery for PD and Alzheimer disease (bwhparkinsoncenter.
org/biobank/). Inclusion and exclusion criteria have been
described.2,3,16–18

Parkinson’s Disease Biomarkers Program
Clinical data and frozen whole blood samples of 86 partic-
ipants enrolled in the PDBP19 between December 2012 and
September 2015 were analyzed. The PDBP is a National In-
stitute of Neurological Disorders and Stroke consortium in
which participants with PD and control participants are
assessed longitudinally using standardized biosample collec-
tion protocols and clinical assessments.

Harvard Biomarkers Study cohort 2 (HBS-2)
β-Glucocerebrosidase activity was also tested in a second set
of 302 participants from HBS, enrolled between February
2006 and June 2017. The HBS-2 cohort comprised 206 cases
(including 113 patients with PD with normal cognition and
93 patients with PD with dementia [PDD]) and 96 healthy
controls. PDD was defined based on the operationalized
level 1 Movement Disorders Society dementia critera20 as
previously reported.2,3 All patients with PDD available in
HBS were identified together with healthy controls and
patients with PD without cognitive impairment of similar sex
and age ranges. Twenty-four participants overlapped be-
tween the HBS-1 and HBS-2 cohorts. β-Glucocerebrosidase
activity of these 24 participants was measured twice and test/
retest reliability between the assay results of these over-
lapping participants was confirmed with a Pearson correla-
tion (ρ = 0.73, p < 0.001).

Combined cross-sectional analysis
We combined the baseline data from the 3 cohorts to evaluate
the effect of GBA mutation type on β-glucocerebrosidase
activity. For the 24 participants with duplicate assay runs in
HBS-2 (in addition to HBS-1), we excluded the HBS-2 assay
runs for the analysis of the combined cross-sectional dataset.
In total, 481 participants were available for the combined
cross-sectional dataset.

Glossary
BMI = body mass index; CI = confidence interval; GBA-PD = Parkinson disease with a GBAmutation;GD = Gaucher disease;
HBS =Harvard Biomarkers Study;HBS-1 =Harvard Biomarkers Study cohort 1;HBS-2 =Harvard Biomarkers Study cohort 2;
IQR = interquartile range; LEDD = levodopa equivalent daily dose;MMSE =Mini-Mental State Examination; PD = Parkinson
disease; PDBP = Parkinson’s Disease Biomarkers Program; PDD = Parkinson disease with dementia; xQTL = enzyme
quantitative trait locus; UPDRS = Unified Parkinson’s Disease Rating Scale.

e686 Neurology | Volume 95, Number 6 | August 11, 2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://www.bwhparkinsoncenter.org/biobank/
https://www.bwhparkinsoncenter.org/biobank/
http://neurology.org/n


Longitudinal analysis
Longitudinal β-glucocerebrosidase activity and clinical phe-
notypes were assessed in the HBS-1 and PDBP cohorts.
Longitudinal data were not available for the HBS-2 cohort.
Only participants with β-glucocerebrosidase activity mea-
sured at more than one time point were included in the
longitudinal analysis. In total, 195 participants with 548 lon-
gitudinal observations from HBS-1 and PDBP were eligible
for the longitudinal analysis. Six healthy controls, 1 patient
with idiopathic PD from the PDBP cohort, and 1 patient with
PD with GBA mutation from the HBS-1 cohort, whose
β-glucocerebrosidase activity was measured at only 1 time
point, were excluded. The median follow-up time of study

participants was 2.0 years (interquartile range [IQR], 1–2
years) and the number of visits ranged from 2 to 5.

A priori operational classification of GBA
mutation type
Participants of the HBS-1 and the HBS-2 cohorts were geno-
typed for GBA mutations using targeted sequencing of entire
exons and flanking intronic regions of GBA as previously de-
scribed.2 In the PDBP cohort, GBA genotypes were identified
by using the NeuroX array.19 To assess the effect of GBA
mutation type on β-glucocerebrosidase activity, patients with
GBA-PD were divided into 3 operational subgroups based
on the historic association of mutations with neuropathic or

Figure 1 Flowchart of study participants and β-glucocerebrosidase activity in blood of patients with Parkinson disease (PD)
with a GBA mutation (GBA-PD) compared to healthy controls and patients with idiopathic PD

(A) Flowchart of study participants. (B–D) β-glucocerebrosidase activity in blood of patients with GBA-PD compared to healthy controls and patients with
idiopathic PD. Results are shown for (B) the Harvard Biomarkers Study cohort 1 (HBS-1), (C) the National Institute of Neurological Disorders and Stroke
Parkinson’s Disease Biomarkers Program (PDBP) cohort, and (D) the Harvard Biomarkers Study cohort 2 (HBS-2). Unadjusted β-glucocerebrosidase activity
values are shown in box and jitter dot blots; box plots indicate the median (bold line), the 25th and 75th percentiles (box edges), and the most extreme data
point no more than 1.5x the interquartile range from the box (whiskers). The p values are shown for the comparison of patients with GBA-PD to healthy
controls and patients with idiopathic PD, respectively, from generalized linear mixed model analyses adjusting for age, sex, duration of sample storage, and
assay batch (B and C) and in addition to body mass index (D). PDD = Parkinson disease with dementia.
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non-neuropathic GD. (1) The carriers of severe GBA muta-
tions (severe GBA-PD) group includes patients with PD with
GBA mutations that are associated with neuropathic GD, in-
cluding L444P, L444R, A456P, and R120W. These GBA
mutations are reported to markedly increase the risk for PD
and accelerate cognitive impairment in patients with PD.2,5,6

Patients with PD carrying complex GBA alleles (e.g., homo-
zygote carriers of severe or mild GBA mutations or homozy-
gous PD-associated GBA risk variants such as E326K/E326K
or compound heterozygote carriers with R257Q/T369M)
were also a priori assigned to this group, as these patients
showed aggressive cognitive deterioration similar to patients
with PD with GBA mutations linked to neuropathic GD in
prior work.2 (2) The heterozygous carriers of mild GBA
mutations (mild GBA-PD) group includes patients with PD
with GBA mutations such as N370S that cause non-
neuropathic GD. The disease risk and the rate of cognitive
decline may be moderately elevated in this group in some
studies.2,5,21 (3) The heterozygous carriers of PD-associated
GBA risk variants (risk variant GBA-PD) group includes
patients with PD with PD-associated, protein-coding GBA
variants (E326K, T369M, and E388K). These variants have
been associatedwith increased risk for PD, earlier disease onset,
and progression of motor and cognitive impairment in multiple
studies,2,22–24 but they are not per se pathogenic for GD.25,26

(4) The idiopathic PD group contained patients with PD
without GBA variants and without known LRRK2 G2019S
mutation. (5) Healthy controls were participants without PD
or other neurologic disease and without knownGBAmutations
or LRRK2 G2019S mutation. A patient with PD enrolled in
HBS carrying K(-27)R, aGBA variant of unknown significance,
was excluded from the analysis. Participants with a known
LRRK2 G2019S mutation were also excluded from study
cohorts.

β-Glucocerebrosidase activity assay
Dried blood spots were obtained from frozen whole blood.27

Briefly, 75 μL of blood were spotted on filter paper (What-
man 903 protein saver card) and dried at room temperature
for at least 4 hours. β-Glucocerebrosidase activity was
measured using tandem mass spectrometry analysis at
Perkin-Elmer (Bridgeville, PA). A detailed protocol and
standard operating procedures have been published pre-
viously.28 The synthetic substrate glucocerebroside differs
only by a shorter fatty acyl chain compared to the natural
substrate and does not affect enzymatic binding. The en-
zyme activity of each sample was calculated from the ion
abundance ratio of product to internal standard as measured
by the mass spectrometer. Activity was expressed as micro-
moles of product per liter of whole blood per hour (μmol/L/
h). Analytical scientists were blinded to diagnosis and ge-
netic status.

Statistical analysis
To compare clinical characteristics between groups, the
Kruskal-Wallis or Mann-Whitney test was used for continu-
ous variables, and the χ2 test was used for categorical variables.

Cross-sectional analysis of eachof the 3 cohorts (HBS-1,
HBS-2, PDBP)
We used a generalized linear mixed effects model for cross-
sectional evaluations of β-glucocerebrosidase activity in the
GBA-PD group, idiopathic PD group, and healthy controls for
each of theHBS-1, HBS-2, and PDBP cohorts, separately (figure
1, B–D). Age, sex, duration of sample storage, and variables
correlated with β-glucocerebrosidase activity (with p < 0.05 us-
ing Spearman correlation; for example, body mass index [BMI]
in HBS-2 cohort) were entered into the model as fixed cova-
riates. Assay batch was included in the model as a random effect.

Combined cross-sectional analysis across the 3 cohorts
In the combined cross-sectional dataset (figure 2), we ran amixed
effects general linear model with the dependent variable β-glu-
cocerebrosidase activity at baseline vs fixed predictors of group
(carriers of risk variants, carriers of mild mutations, carriers of
severe mutations, healthy controls, idiopathic PD), cohort (HBS-
1, HBS-2, PDBP), the interaction of group × cohort, and cova-
riates age, sex, and duration of sample storage (at baseline; in
years). We included a random effect of batch, nested within
cohort. Pairwise comparisons of covariate-adjusted means were
tested with Tukey post hoc tests. Also, if significant, the omnibus
group term (4 degrees of freedom) was pursued with various
single df contrasts to determine the locus of the overall group
effect, specifically whether it was the healthy controls vs PD
contrast that was primarily driving the omnibus effect, or whether
it was linear or quadratic polynomial contrasts assessing type of
GBAmutation, including and excluding the healthy control group
as part of the latter contrasts. Type of GBA mutation was coded
on an ordinal scale: noncarriers (healthy controls and idiopathic
PD) were coded as 0, carriers of risk variants as 1, carriers of mild
GBA mutations as 2, and carriers of severe GBA mutations as 3.
An ordinal scale represents categorial (not continuous) variables
with a prior order structure. Residuals for β-glucocerebrosidase
activity after model fit were examined to check conformance to
assumptions of normality and homoscedasticity.

Longitudinal analysis
A mixed effects longitudinal analysis (figure 3) was run with
dependent variable β-glucocerebrosidase activity and fixed
predictors of time in study (years),GBAmutation type (coded
as ordinal variables as above), cohort (HBS-1 and PDBP), sex,
age at baseline, duration of PD at baseline (set to zero for
healthy controls), blood storage time at baseline, batch (nested
in cohort), and interactions of mutation type × time in study,
sex × time in study, and blood storage time at baseline × time in
study. Only a linear term for time in the study was assessed due
to truncated time spans for some subjects in the severe GBA
group. Blood storage time at baseline was analyzed as a subject-
level variable using only the storage duration for blood col-
lected at baseline since the values of storage duration across
time within a subject are negatively collinear with time in the
study given the simultaneous assay of samples collected at
varying study times. Batch was analyzed as a fixed rather than
random effect owing to convergence problems otherwise oc-
curring due to the other random effects, that is, subject
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intercepts, slope, etc. In addition, batch sometimes varied
within subjects, further complicating the estimation algorithm,
if analyzed as random. A limited backward elimination pro-
cedure was employed to test and remove nonsignificant
covariates and higher-order terms that were not of primary
substantive interest. Residuals for β-glucocerebrosidase activity
from values predicted by fixed effects and predicted by com-
bined fixed and random effects were examined to check con-
formance to assumptions of normality and homoscedasticity.

For all tests, p < 0.05 was considered statistically significant. Sta-
tistical analysis was performed using R (version 3.5.2) and SAS.
The pairwise deletionmethodwas implemented formissing values.

Standard protocol approvals, registrations,
and patient consent
Written informed consent was obtained from each participant
in HBS and PDBP and all study protocols were approved by
local ethics committees. The institutional review board of
Partners Healthcare approved the use of de-identified clinical
data and biospecimens from HBS and PDBP for the current
analyses.

Data availability
Data for the HBS-2 and PDBP analyses are available through
the NINDS PDBP DMR. HBS biosamples and data can be
accessed through www.bwhparkinsoncenter.org/biobank.

Results
Cross-sectional analysis of
β-glucocerebrosidase activity

Harvard Biomarkers Study cohort 1
The clinical characteristics of 117 participants from the HBS-1
cohort are presented in table 1. Healthy controls were older
than patients with idiopathic PD (p = 0.007) or GBA-PD (p =
0.017). There was no significant difference in other covariates
among the 3 groups. In the HBS-1 cohort, β-glucocere-
brosidase activity was significantly lower in the GBA-PD group
(median [IQR], 3.0 [2–4] μmol/L/h) compared to the idio-
pathic PD group (4.9 [4–6] μmol/L/h, p < 0.001) and healthy
controls (4.7 [4–5] μmol/L/h, p < 0.001) in the univariate
analysis (figure 1B). Generalized linear mixed model analysis
showed significantly reduced β-glucocerebrosidase activity in
the GBA-PD group compared to healthy controls (p = 0.001)
or idiopathic PD group (p < 0.001) after adjusting for age, sex,
duration of sample storage, and assay batch. β-Glucocere-
brosidase activity in the idiopathic PD group was not signifi-
cantly different from healthy controls in univariate (p = 0.109)
and multivariate analyses (p = 0.085).

Parkinson’s Disease Biomarkers Program
Clinical characteristics of 86 participants from the PDBP cohort
are shown in table 2. Age, sex, Mini-Mental State Examination

Figure 2 Enzymatic quantitative trait locus analysis reveals a negative linear association between β-glucocerebrosidase
activity and mutation type

(A) Unadjusted β-glucocerebrosidase activity of 294 unique patients with Parkinson disease (PD) from HBS-1, PDBP, and HBS-2 cohorts is shown in box and
jitter dot blots. For each increment in the severity of mutation type, a reduction of mean β-glucocerebrosidase activity by 0.85 μmol/L/h (95% confidence
interval, −1.17, −0.54) was predicted. (B) Unadjusted β-glucocerebrosidase activity of 481 healthy controls as well as patients with PD from the 3 cohorts. p
Values in A and B from linear mixedmodel analyses for the association of ordinal severity type of GBAmutations with β-glucocerebrosidase activity adjusted
for covariates. GBA-PD = Parkinson disease with a GBA mutation; HBS-1 = Harvard Biomarkers Study cohort 1; HBS-2 = Harvard Biomarkers Study cohort 2;
PDBP = Parkinson’s Disease Biomarkers Program.
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(MMSE) score, and years of education did not significantly differ
between theGBA-PD, idiopathic PD, and healthy control groups
and PDBP. Age at disease onset, disease duration, total Unified
Parkinson’s Disease Rating Scale (UPDRS) score, and levodopa
equivalent daily dose (LEDD) were similar between the idio-
pathic PD and GBA-PD groups. β-Glucocerebrosidase activity
was 3.8 (2–4) μmol/L/h in the GBA-PD group, 4.5 (3–
6) μmol/L/h in the idiopathic PD group, and 4.2 (4–5) μmol/
L/h in healthy controls (figure 1C). β-Glucocerebrosidase ac-
tivity in the GBA-PD group was significantly lower compared to
healthy controls (p = 0.032) or the idiopathic PD group (p =
0.021) adjusting for age, sex, sample storage duration, and assay
batch. β-Glucocerebrosidase activity in the idiopathic PD group
was not significantly different from healthy controls in the uni-
variate (p = 0.506) and multivariate analyses (p = 0.805).

Harvard Biomarkers Study cohort 2
In 302 participants from HBS-2, age at disease onset, disease
duration, total UPDRS, and LEDD did not significantly

differ between the groups (table 3). Patients with idiopathic
PD/PDD (70 [63–76]) were older than patients with GBA-
PD/PDD (62 [58–76], p = 0.010) or healthy controls (66
[57–71], p < 0.001). MMSE scores were lower in the idio-
pathic PD/PDD (25 [24–29], p < 0.001) and GBA-PD/
PDD groups (29 [28–30] p = 0.007) compared to healthy
controls (30 [29–30]). They were also lower in the idio-
pathic PD/PDD group compared to the GBA-PD/PDD
group (p < 0.001), because of a larger share of patients
with PDD included among the idiopathic cases (51.7% with
PDD) compared to the cases with GBA variants (11.8% with
PDD). The BMI of the idiopathic PD/PDD group (24.7
[22–28]) was reduced compared to healthy controls (27.0
[25–30], p < 0.001). β-Glucocerebrosidase activity of the
GBA-PD/PDD group (2.6 [2–4] μmol/L/h) was lower
compared to the idiopathic PD/PDD group (4.8 [4–
6] μmol/L/h, p < 0.001) or healthy controls (4.8 [4–
6] μmol/L/h, p < 0.001) (figure 1D). This decrease
remained significant in the GBA-PD/PDD group compared
to healthy controls (p < 0.001) or the idiopathic PD/PDD
group (p < 0.001), respectively, after adjusting for age, sex,
sample storage duration, BMI, disease duration, and assay
batch. Again, there was no difference in β-glucocerebrosidase
activity between the idiopathic PD/PDD group and healthy
controls (p = 0.527) after adjusting for covariates.

Combined cross-sectional analysis
Combined cross-sectional analysis of the 481 participants
(table 4) from the 3 cohorts was performed. The initial
analysis run showed nonsignificant results for the cohort
terms. Cohort terms thus were removed and the model rerun
in order to obtain better power for other terms of interest.
We performed an enzyme quantitative trait locus (xQTL)
analysis testing whether β-glucocerebrosidase activity was
associated with mutation type. Mutation type was rank-
ordered on an ordinal scale ranging from 0 (no variant), 1
(carriers of a risk variant), 2 (carriers of a mild mutation), to
3 (carriers of a severe mutation) reflective of their clinical
classification in GD (see Methods for detail). This reflects
a simple rank order (ordinal), not a nominal, interval or ratio
relation. The analysis was adjusted for the fixed covariates of
age, sex, blood storage time, as well as batch as random effect.
This xQTL analysis revealed a highly significant negative
linear association between ordinal type of GBA mutation
severity and β-glucocerebrosidase activity in the 294 patients
with PD with p < 0.0001, adjusting for covariates (figure 2A).
The association of β-glucocerebrosidase activity with sex had
a p of 0.07 (lower in female participants). Age (p = 0.56) or
duration of blood storage (p = 0.13) were not associated
with enzyme activity. For each increment in the severity of
mutation type, a reduction of mean β-glucocerebrosidase
activity by 0.85 μmol/L/h (95% confidence interval [CI],
−1.17, −0.54) was predicted (figure 2A). This negative lin-
ear association between ordinal type of GBA mutation
severity and β-glucocerebrosidase activity was confirmed
when healthy controls were included with p < 0.0001
(figure 2B) with a virtually identical reduction of mean

Figure 3 Model-predicted longitudinal β-glucocere-
brosidase activity in participantswith different
types of GBA mutations

A total of 195 participants with 548 blood samples fromHarvard Biomarkers
Study cohort 1 (HBS-1) and Parkinson’s Disease Biomarkers Program (PDBP)
were available for the longitudinal analysis (median follow-up time of 2.0
years; interquartile range, 1–2 years). Model predicted values of β-gluco-
cerebrosidase activity of noncarriers and patients with PD with different
types of GBA mutations. Estimated mean β-glucocerebrosidase activity is
illustrated for each group (solid lines) adjusted for fixed effects covariates
with shaded areas representing standard error. Fixed effects covariates
included in the model were time in study (years), GBAmutation type (coded
as ordinal variables), interaction of mutation type × time in study, cohort
(HBS-1 and PDBP), and sex. For the purpose of the graph, sex and study
cohort were arbitrarily set to male and HBS-1, respectively, because of the
larger number of male patients. Similar results were seen when sex was set
to female (not shown). Estimated values below zerowere set to zero.GBA-PD
= Parkinson disease with a GBA mutation.
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β-glucocerebrosidase activity by 0.86 μmol/L/h (95% CI,
−1.13, −0.58) for each increment in the severity of mutation
type. The association of β-glucocerebrosidase activity with
sex now reached significance (p = 0.004; lower in female
participants), but not that with age or duration of blood
storage. There was no statistically significant difference in
β-glucocerebrosidase activity between the idiopathic PD
group and the healthy control group adjusting for covariates
and using the Tukey post hoc test. Thus, β-glucocere-
brosidase activity is inversely linked to the severity of GBA
mutation types (figure 2).

Longitudinal analysis of
β-glucocerebrosidase activity
After backward elimination, a significant main effect of sex (p
= 0.049; female participants lower) and variability due to
batch within cohort (p = 0.004) were found, as well as
a significant effect for the interaction of mutation type × time
in the study with p = 0.02. The interaction reflected an
increasingly more downward slope of β-glucocerebrosidase
activity vs time for the progressively more severe mutation
type groups (figure 3). Specifically, an otherwise near zero
slope of β-glucocerebrosidase activity vs time was reduced by
an estimated −0.1 μmol/L/h per year for each unit increase
in mutation type severity. This first longitudinal analysis of
β-glucocerebrosidase activity in PD indicates that increasing
severity types of GBA mutations are associated with

increasingly steeper declines in β-glucocerebrosidase activity
during follow-up.

β-Glucocerebrosidase activity and
clinical scales
More than 2,000 patients with PD (from 7 cohorts, including
HBS and PDBP) with tens of thousands of clinical assess-
ments were required in our previous work2 to achieve the
statistical power necessary for delineating the effect of spe-
cific types of GBA mutations on clinical phenotypes. This is
due to the considerable interindividual and interassessor
noise inherent to clinical measures of disease severity in PD.
Whole blood samples necessary for β-glucocerebrosidase
assays were available for a subset of these 7 cohorts (e.g.,
HBS, PDBP). Thus, as expected, no statistically significant
relation between β-glucocerebrosidase activity and clinical
phenotypic measures of cognitive and motor function
emerged in our exploratory analyses. There was no associ-
ation with MMSE (1 patient with PD [0.3%] had missing
data) after adjusting for age, sex, age at onset, years of ed-
ucation, GBA mutation type, interaction between β-gluco-
cerebrosidase activity and GBA mutation type, sample
storage duration, assay batch, and study cohort in the cross-
sectional meta-analysis (p = 0.34). Total UPDRS was also
not significantly associated with β-glucocerebrosidase ac-
tivity (14 patients with PD [4.8%] had missing data) after
adjusting for sex, age at onset, disease duration, GBA

Table 1 Clinical characteristics and GBA genotypes of participants from the Harvard Biomarkers Study cohort 1 (n = 117)

Idiopathic
PD (n = 47)

GBA-PD

HC
(n = 45) p Valuea

Total
(n = 25)

GBA risk variant
(n = 13)

Mild GBA
mutation (n = 7)

Severe GBA
mutation
(n = 5)

Age, y 59.2 (59–72) 63 (59–75) 64.9 (59–75) 62.9 (59–64) 60.7 (58–82) 68.6 (66–79) 0.009

Male 32 (68.1) 14 (56) 7 6 1 30 (67.7) 0.565

Age at onset, y 61 (67–67) 59 (57–69) 59 (56–69) 59 (58–62) 58 (57–81) NA 0.901

Disease duration, y 3.8 (2–7) 2.2 (1–5) 4.1 (1–8) 2 (1–3) 1.2 (1–2) NA 0.147

Total UPDRS 31.5 (22–42) 34 (25–47) 38 (26–53) 25 (24–36) 36 (25–54) NA 0.437

MMSE 29 (29–30) 29 (28–30) 29 (28–30) 28 (28–29) 29 (29–30) 29 (29–30) 0.413

Years of education 16 (16–16) 16 (12–16) 16 (12–16) 16 (12–16) 16 (14–16) 16 (16–16) 0.149

LEDD, mg 450 (100–700) 400 (150–875) 499 (275–1,165) 375 (100–580) 150 (75–625) NA 0.731

BMI, kg/m2 24.1 (23–28) 24.2 (22–28) 25.8 (21.8–27.6) 23.1 (21–26) 25.4 (22–32) 25.2 (23–28) 0.758

GBA genotypes, n None E326K, 11
N370S, 7
T369M, 2
R120W, 2
A456P, 1
E326K/E326K, 1
L444R, 1

E326K, 11
T369M, 2

N370S, 7 R120W, 2
A456P, 1
E326K/E326K, 1
L444R, 1

None

Abbreviations: BMI = bodymass index;GBA-PD = Parkinson diseasewith aGBAmutation; HC =healthy controls; idiopathic PD = Parkinson diseasewithoutGBA
mutation; LEDD = levodopa equivalent daily dose; MMSE = Mini-Mental State Examination; UPDRS = Unified Parkinson’s Disease Rating Scale.
Values are median (interquartile range) or n (%).
a Kruskal-Wallis, Mann-Whitney, or χ2 tests were used as appropriate.
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mutation type, interaction between β-glucocerebrosidase
activity and GBA mutation type, sample storage duration,
assay batch, and study cohort in the cross-sectional meta-
analysis (p = 0.56). Longitudinally, there was no significant

association between MMSE or UPDRS and longitudinal
change in β-glucocerebrosidase activity over time (0 and 8
patients with PD [7.3%] had missing data, respectively) after
adjusting for covariates (p = 0.58 and 0.29, respectively).

Table 2 Clinical characteristics and GBA genotypes of participants from the Parkinson’s Disease Biomarkers Program
(n = 86)

Idiopathic
PD (n = 32)

GBA-PD

HC (n = 46) p ValueaTotal (n = 8)
GBA risk variant
(n = 6)

Mild GBA
mutation (n = 1)

Severe GBA
mutation (n = 1)

Age, y 66 (58–70) 68 (58–71) 68 (62–72) 71 42 65.5 (58–70) 0.849

Male 21 (65.6) 4 (50) 3 0 1 27 (58.7) 0.579

Age at onset, y 58.3 (54–65) 56.7 (42–66) 56.7 (43–66) 70.4 41 NA 0.457

Disease duration, y 3.1 (1–8) 9.1 (2–12) 11.2 (7–16) 0.6 1 NA 0.108

Total UPDRS 48.5 (31–57) 57 (29–119) 71.5 (43–134) 15 36 NA 0.302

MMSE 29 (29–30) 29 (21–29) 29 (18–29) 25 30 29 (28–30) 0.223

Years of education 16 (14–18) 16 (13–16) 16 (14–17) 12 16 16 (14–18) 0.437

LEDD, mg 600 (424–841) 746 (325–1,429) 1,039.8 (608–1,480) 287.5 400 NA 0.607

GBA genotypes, n None E326K, 4
T369M, 2
N370S, 1
R257Q/T369M, 1

E326K, 4
T369M, 2

N370S, 1 R257Q/T369M, 1 None

Abbreviations: GBA-PD = Parkinson disease with a GBA mutation; HC = healthy controls; idiopathic PD = Parkinson disease without GBA mutation; LEDD =
levodopa equivalent daily dose; MMSE = Mini-Mental State Examination; UPDRS = Unified Parkinson’s Disease Rating Scale.
Values are median (interquartile range) or n (%).
a Kruskal-Wallis, Mann-Whitney, or χ2 tests were used as appropriate.

Table 3 Clinical characteristics and GBA genotypes of participants from the Harvard Biomarkers Study cohort 2 (n = 302)

Idiopathic
PD/PDD (n = 172)

GBA-PD/PDD

HC (n = 96) p ValueaTotal (n = 34)
GBA risk variant
(n = 19)

Mild GBA mutation
(n = 12)

Severe GBA
mutation (n = 3)

Age, y 70 (63–76) 63 (58–72) 63 (57–76) 61.5 (55–72) 64 (58–79) 66 (57–71) 0.000

Male 92 (53.5) 19 (55.9) 11 8 0 41 (42.7) 0.189

Age at onset, y 65 (59–70) 59 (55–70) 59 (55–70) 59 (52–68) 58 (55–77) NA 0.071

Disease duration, y 3 (1–9) 3 (1–6) 4 (0–7) 2 (1–5) 3 (2–6) NA 0.236

Total UPDRS 37 (26–49) 36 (25–46) 38 (25–50) 31 (25–40) 52 (47–57) NA 0.493

MMSE 25 (24–29) 29 (28–30) 28.5 (26–30) 29 (28–30) 24 (24–29) 30 (29–30) 0.000

Years of education 16 (12–16) 16 (12–16) 16 (12–16) 16 (16–16) 16 (12–16) 16 (16–16) 0.026

LEDD, mg 400 (300–681) 570 (315–865) 499.5 (188–981) 600 (320–780) 625 (550–1000) NA 0.081

BMI, kg/m2 24.8 (23–28) 25.8 (22–28) 25.8 (22–30) 25.7 (23–27) 30.3 (21–39) 27.0 (25–30) 0.001

GBA genotypes, n None E326K, 13
N370S, 12
T369M, 6
L444R, 1
R120W, 2

E326K, 13
T369M, 6

N370S, 12 L444R, 1
R120W, 2

None

Abbreviations: BMI = bodymass index;GBA-PD = Parkinson diseasewith aGBAmutation; HC = healthy controls; idiopathic PD = Parkinson diseasewithoutGBA
mutation; LEDD = levodopa equivalent daily dose; MMSE = Mini-Mental State Examination; UPDRS = Unified Parkinson Disease Rating Scale.
Values are median (interquartile range) or n (%). Eighty-nine patients with idiopathic PD and 4 patients with GBA-PD were diagnosed with PD with dementia.
a Kruskal-Wallis, Mann-Whitney, or χ2 tests were used as appropriate.
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Discussion
GBA variants are found in as many as 10.3% of all patients
with PD in North America.2,3 The precise mechanism linking
GBA mutations and PD is unknown and the focus of intense
investigation. A better characterization of this link may help to
unravel the complex pathobiology of PD and lead to better
treatments and biomarkers.29–32

This study shows that the type of GBA mutation influences
enzymatic activity of β-glucocerebrosidase in PD. There are
more than 250 mutations in the GBA gene.33 They localize to
multiple exons and their effect on the catalytic activity of the
enzyme is not well-understood. Distinct types of GBA muta-
tions have been delineated in homozygous patients with GD
based on clinical phenotypes.34,35 Mutations that typically
cause milder clinical phenotypes of GD without CNS in-
volvement are historically referred to as mild mutations. 34,35

Mutations that cause more severe GD phenotypes with CNS
involvement are traditionally termed severe mutations.34,35

This clinical–genetic classification is routinely used in the di-
agnosis and treatment of GD,34,35 although the phenotypic
manifestations of GD could also be viewed as a spectrum
ranging from no CNS involvement to severe neurologic
complications.33 Recently, we and others identified striking

parallels in the genotype-to-phenotype correlations of hetero-
zygous GBA carriers with PD.2,5,7 In patients with PD, the
severe type ofGBAmutations was associated with rapid disease
progression and poor prognosis in multiple longitudinal
cohorts in North America and Europe.2,5 The type of GBA
mutation also modulates susceptibility for PD.6 The underlying
biochemical mechanism linking genotypic diversity in theGBA
locus to phenotypic severity of PD, however, is unclear.

Here we show that the type of GBA mutation is associated
with β-glucocerebrosidase activity in a quantitative manner in
predominantly heterozygous carriers with PD: increasing se-
verity types of GBA mutations are linked to decreasing
β-glucocerebrosidase activity. This xQTL effect of GBA mu-
tation type on β-glucocerebrosidase activity was clearly
detected in our cross-sectional analysis across the 3 cohorts
with p < 0.0001 (figure 2). There was a highly significant
negative linear association between severity type of GBA
mutation and β-glucocerebrosidase activity: for each in-
crement in the severity of mutation type, a reduction of mean
β-glucocerebrosidase activity by 0.85 μmol/L/h (95% CI,
−1.17, −0.54) was estimated. Prior reports found overall lower
β-glucocerebrosidase activity in the group of patients with
GBA-PD taken as a whole in blood,7 brain,9 and CSF8 without
addressing the differential role of mutation types, and this

Table 4 Clinical characteristics and GBA genotypes of participants from the combined, cross-sectional meta-analysis
cohort (n = 481)

Variables
Idiopathic
PD (n = 247)

GBA-PD

HC (n = 187) p ValueaTotal (n = 47)
GBA risk variants
(n = 26)

MildGBAmutations
(n = 15)

Severe GBA
mutations (n = 6)

Age, y 68 (63–75) 64 (58–76) 64.9 (58–76) 63.0 (59–68) 60.0 (52–79) 67 (59–72) 0.045

Male 142 (57.5) 27 (57.4) 15 10 2 98 (52.4) 0.748

Age at onset, y 63 (57–69) 58.5 (55–70) 58 (55–69) 60 (58–68) 58 (52–79) NA 0.120

Disease duration, y 3 (1–8) 2.7 (1–7) 5.5 (2–9) 1.9 (1–3) 1.2 (1–2) NA 0.525

Total UPDRS 35 (26–49) 36 (25–50) 44 (27–56) 25 (17–35) 36 (25–52) NA 0.877

MMSE 28 (25–30) 29 (28–30) 29 (26–30) 28 (27–29) 29.5 (29–30) 29 (29–30) 0.000

Years of education 16 (16–16) 16 (12–16) 16 (12–16) 16 (12–16) 16 (15–16) 16 (16–16) 0.152

LEDD, mg 400
(300–735)

499 (269–885) 635 (325–1,223) 337.5 (147–530) 200 (113–550) NA 0.390

GBA genotypes, n None E326K, 18
N370S, 15
T369M, 9
R120W, 2
A456P, 1
E326K/E326K, 1
R257Q/T369M,
1
L444R, 1

E326K, 18
T369M, 9

N370S, 15 R120W, 2
A456P, 1
E326K/E326K, 1
R257Q/T369M, 1
L444R, 1

None

Abbreviations: GBA-PD = Parkinson disease with a GBA mutation; HC = healthy controls; idiopathic PD = Parkinson disease without GBA mutation; LEDD =
levodopa equivalent daily dose; MMSE = Mini-Mental State Examination; UPDRS = Unified Parkinson’s Disease Rating Scale.
Values are median (interquartile range) or n (%).
a Kruskal-Wallis, Mann-Whitney, or χ2 tests were used as appropriate.
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group effect was confirmed and extended to the 3 new cohorts
(HBS-1, HBS-2, and PDBP; figure 1, B–D).

Whereas previous studies were confined to cross-sectional
analyses of β-glucocerebrosidase activity, we were able to
longitudinally evaluate β-glucocerebrosidase activity in
patients with PD owing to well-characterized, longitudinal
biobanks established at Harvard (HBS) and at the NIH
(PDBP). Longitudinally, increasing severity types of GBA
mutations were linked to increasingly steeper longitudinal
declines in the slope of β-glucocerebrosidase activity over
a median 2 years of follow-up adjusting for covariates (p =
0.02; figure 3). These new longitudinal data provide an
observational benchmark for future research. They will be
useful as a reference point for comparing the effects of ex-
perimental drugs on β-glucocerebrosidase activity. Did the
drug restore β-glucocerebrosidase activity back to healthy
control levels? Did the drug reverse the declining slope of
β-glucocerebrosidase activity seen in the natural history
study?

A different, important question for the field is whether blood
β-glucocerebrosidase activity is perturbed not only in GBA-
PD, but also in idiopathic PD. Alcalay et al.7 reported a subtle
reduction in β-glucocerebrosidase activity measured in dried
blood spots of fresh whole blood of patients with idiopathic
PD compared to healthy controls. In our study, β-glucocer-
ebrosidase activity in frozen whole blood was similar in
patients with idiopathic PD compared to healthy controls (no
significant difference). This discrepancy might be due to
preanalytical variables, sample storage (frozen vs fresh blotted
samples), cohort composition, differences in assay method-
ology, or other variables (e.g., age differences, single-center vs
multiple studies and sites). Further research on β-glucocere-
brosidase activity and metabolites of the GBA pathway in
idiopathic PD is needed.

More generally, this study is an example of the importance of
“biobanking the future”; that is, of not letting contemporary
knowledge (which in hindsight is always incomplete) en-
cumber future research. Our study was only possible because
whole blood samples had already been collected in HBS and
PDBP during the last decade. Plasma is commonly collected
for patients with PD in many cohorts. However, the whole
blood specimens that turned out to be essential for running
the β-glucocerebrosidase assay (β-glucocerebrosidase is ac-
tive in white blood cells rather than plasma) are rarely bio-
banked in neurology. HBS and PDBP biobanks had the
foresight of collecting whole blood samples simply to set the
stage for future biomarkers discoveries, without anticipating
a whole blood–based β-glucocerebrosidase assay and with
very limited emerging biological relevance of blood cells to
PD.36–38 Our study has several other strengths that were
discussed throughout the article, such as the longitudinal
aspect and the inclusion of 2 deep US biomarkers cohorts
with carefully defined clinical phenotyping and biospeci-
mens collection, processing, and storage protocols. Patients

were not preselected or enriched based on Ashkenazi Jewish
ancestry and family history of GD in these cohorts. More-
over, analytically, the mass spectrometry–based assay used in
our study provides a greater dynamic range and prevents
false-positives that could occur using fluorescence-based
assays.39

Our study has limitations. It associates GBA genotype with
the enzymatic endophenotype. However, we did not de-
termine whether the GBA genotype actually causes the
clinical phenotype via quantitative modulation of β-gluco-
cerebrosidase activity. Causality analysis and interventional
experiments will be needed to address mechanism. More-
over, our sample size (while substantial) was still too small
to confidently assess for associations (or lack thereof) be-
tween β-glucocerebrosidase activity and standard clinical
scales of disease severity (e.g., UPDRS, MMSE). This was
not surprising. Previously, more than 2,000 patients with
PD (including 198 patients with GBA-PD) with 20,868
longitudinal clinical assessments from 7 cohorts2 were
needed to uncover statistically significant associations be-
tween types of GBA mutations and cognitive decline. Be-
cause of the inherent interindividual and intraindividual
variability in these clinical assessments, confounding by
medications, and modest changes in β-glucocerebrosidase
activity in heterozygotes, much larger numbers of patients
with GBA-PD will be required to conclusively evaluate this
relationship. Future studies including a more granular and
more sensitive neuropsychiatric characterization will fur-
ther help to clarify this relation. Finally, there is some
controversy on classifying GBA variants.33 Because each
classification system has inherent limitations, it would be of
interest to ultimately understand the precise effect of in-
dividual GBAmutations on enzyme activity and phenotype.
Considering that there are about 250 rare or low frequency
GBA mutations, this is an ambitious and perhaps imprac-
tical goal that our study was not designed to address. Lower
median β-glucocerebrosidase activity was previously de-
scribed in 17 healthy controls carrying a GBA mutation
compared to healthy noncarriers.7 We did not reexamine
the question of β-glucocerebrosidase activity in healthy
carriers in our study. Instead, we focused on the effects of
the mutation type in patients, because it is patients with PD
who are most relevant to upcoming trials of GBA-directed
drugs.

In conclusion, this study links genotypic diversity in the GBA
locus to the quantitative trait of β-glucocerebrosidase activity.
This can be noninvasively monitored in whole blood of
patients with PD.
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