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Dementia is a serious complication for many patients
with advanced Parkinson’s disease (PD) and its incidence
is increased in PD patients harbouring a mutation in
GBA1 [1]. However, cognitive impairment is not limited
to late disease stages and can also manifest in patients
with early untreated disease, leading to diminished social
function and increased disability and caregiver burden.
We have previously shown that reduced activity of the
GBA1 protein product, the lysosomal enzyme glucocer-
ebrosidase (GCase), is linked with long-term progres-
sion to PD dementia [2]. In this study, we extend this by
determining the association of cerebrospinal fluid (CSF)
GCase activity with the development of cognitive impair-
ment through the analysis of neuropsychological test
data collected over 10 years of prospective follow-up of
patients with incident PD.
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A total of 117 patients from the Norwegian ParkWest
study [3] with GCase activity measured in CSF sam-
ples taken at the time of PD diagnosis (median delay,
38 days) [4] were included in the study (Additional file 1:
Table S1). Neuropsychological testing assessed functions
in four cognitive domains: attention, executive function,
verbal learning and memory, and visuospatial skills. A
score for each domain was calculated by taking the aver-
age of the test scores after conversion into the Percent
of Maximum Possible scores as described in Additional
file 2: Methods.

To assess the association of reduced baseline GCase
activity with the change in cognitive function over the
first 10 years of PD (median follow-up, 9.0 years [inter-
quartile range, 1.0]), we applied linear mixed-effects
models. The patients were stratified into tertiles based on
the level of CSF GCase activity and those with the high-
est activity (>1.12 mU/mg) were compared to the group
with medium (0.80-1.12 mU/mg) or low GCase activity
(<0.80 mU/mg). At the time of PD diagnosis, there was
no significant difference in the MMSE scores across the
three GCase activity groups (Fig. 1a; Additional file 1:
Table S2). However, both the medium (p= —1.58 trans-
formed points; 95% confidence interval [CI] —2.91 to
—0.25, P=0.022) and the low GCase activity groups
(B= —2.26 transformed points; 95%CI —3.59 to —0.94,
P=0.001) were predicted to experience a faster annual
decline in MMSE score, compared to the high activ-
ity group. Over the 10 years of the study, patients in the
high GCase activity group were not predicted to expe-
rience a significant decline in MMSE score (P=0.159),
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Fig. 1 Prediction of changes of scores measuring cognitive impairment over time. Patients (n=117) were grouped by GCase activity level (high,
medium, and low). a MMSE scores, and POMP scores for b attention, ¢ executive function, d memory, and e visuospatial skills. MMSE scores were

transformed before plotting as described in the Methods. *Significant difference from the high GCase activity group (P <0.05). POMP percent
of maximum possible
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whereas those in the medium- or low-activity group were
estimated to decline from about 29 to 26 or to 24 MMSE
points, respectively.

At the baseline visit, there was no significant differ-
ence in the performance in tests assessing attention,
executive function, verbal learning and memory, or visu-
ospatial skills between the GCase activity groups (Addi-
tional file 1: Table S2). Assessment of the annual change
in performance in individual cognitive domains showed
that the low activity group was predicted to decline
faster in scores of attention (fp=-0.92; 95%CI —1.58
to —0.28, P=0.006), executive function (p=—0.61;
95%CI —1.20 to —0.03, P=0.042), memory (= —1.60,
95%CI —2.63 to —0.58, P=0.003), and visuospatial skills
(B=—0.84 transformed points, 95%CI —1.63 to —0.06,
P=0.038) (Fig. 1b—e; Additional file 1: Table S2). How-
ever, the group with the medium level of GCase activity
only declined significantly faster than the high activity
group in measures of attention (p= —0.95; 95%CI —1.60
to —0.30; P=0.005), and for the other three cogni-
tive domains studied the difference in the annual rate
of change was not significant (all P>0.05). The results
were largely unchanged when the analysis was repeated
including only the 105 PD patients without GBAI muta-
tions (Additional file 2: Methods and Additional file 1:
Fig. S1 and Table S2). Specifically, we found that the size
of the effect and significance of the association of GCase
activity status with the decline in cognitive function
remained comparable apart from the scores for executive
function, for which there was no significant difference in
the annual decline between the high and the low activity
groups (P=0.086).

In the brains of patients with PD, GCase dysfunction is
paralleled by a-synuclein accumulation [5, 6]. The mild
negative correlation between a-synuclein pathology and
GCase activity may be involved in the increased cognitive
decline observed in the patients with the lowest GCase
activity in this study. However, how GCase dysfunc-
tion influences PD pathology (and vice versa) is unclear.
Most GBA1 mutation carriers do not develop PD [7, 8],
suggesting that the relationship is not causative. Recent
findings from animal and cell models support that lower
GCase activity levels do not initiate a-synuclein aggrega-
tion, but promote a-synuclein aggregation depending on
the physiological state of the extant a-synuclein [9, 10],
and factors beyond GCase depletion play a role in influ-
encing the incidence of the disease.

GCase is a promising target for the treatment of neu-
rodegenerative disorders caused by the progressive
aggregation of a-synuclein. A key challenge in develop-
ing these therapies is identifying a defined testing win-
dow where such interventions would have a maximum
impact. At the time of PD diagnosis, the patients in the
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three GCase activity groups had comparable perfor-
mance and those patients in the low activity group who
were cognitively intact could represent a high-risk popu-
lation to test GCase-targeting and neuroprotective ther-
apies. Crucially, this could provide a means by which to
recruit patients from the idiopathic PD population (i.e.,
those without a GBAI mutation) to pivotal clinical trials
that might otherwise prioritise GBA1-PD patients.

We have recently shown that the GCase dysfunction
at the time of PD diagnosis is linked to an increased risk
of later development of dementia [2]. Although demen-
tia is an important milestone in a clinical setting, it is
less suitable as an outcome in clinical trials for modifi-
cation of cognitive decline as dementia often requires
many years of follow-up and/or very large cohorts to
capture a meaningful number of events. For trial design,
this is compounded as dementia is commonly a late-
stage event, and potentially disease-modifying drugs are
thought to be most effective when initiated early in the
disease course. By contrast, cognitive decline is a gradual
process that starts early in a substantial subset of patients
and is frequently included as an outcome in PD clini-
cal trials. Therefore, we performed a power calculation
to estimate the predicted benefit (concerning trial size)
of limiting enrolment to a clinical trial to patients in the
lowest tertile of GCase activity, compared to a design
in which all newly diagnosed patients are eligible for
trial inclusion (an “all-comer” design) (Additional file 2:
Methods). The trial was for a hypothetical therapeutic
agent that stopped the decline of total MMSE score. We
found that enriching a three-year trial for patients with
low GCase activity reduced the required sample size for
the trial by 2.5-fold compared with an equally powered
trial without. In one example, a trial designed to have
80% power to observe the primary outcome would neces-
sitate the recruitment of 658 “all-comers” with early PD,
whereas only 266 low-GCase-activity participants would
be needed for the same power (Additional file 1: Fig. S2).

Our study had some limitations. We did not account for
anxiety or depression, which can affect performance in
cognitive test batteries and have been linked to GBAI in
other populations. Further, we did not account for other
pathological changes such as co-morbid Alzheimer’s dis-
ease and neuroinflammation, which are reported risk fac-
tors for cognitive impairment in PD [11]. Our study had
also several strengths, including the recruitment of inci-
dent, unselected patients that are representative of the
PD population of the region, the analysis of CSF samples
collected at the time of initial clinical diagnosis, the long
follow-up time with repeated batteries of the same neu-
ropsychological tests, and low attrition rates.

In conclusion, we found that low CSF GCase activity
at the time of initial diagnosis is linked to a faster annual
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decline in clinical scales measuring global cognition and
specific cognitive domains over the first 10 years of PD.
The link between GCase dysfunction and disease pro-
gression provides insight into the pathogenesis of the dis-
ease and novel perspectives for GCase-targeted therapies
to prevent neurodegeneration, and could provide a valu-
able biomarker to identify patients at risk of more severe
disease.
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