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ABSTRACT: Background: Glucosylceramidase (GBA)
mutations are considered the most common genetic risk
factors for developing Parkinson’s disease (PD).
Objectives: We aimed to assess, at different time points,
the integrity of brain striatal and extra-striatal dopamine
pathways and clinical phenotype of a group of PD sub-
jects bearing heterozygous GBA mutations (GBA-PD),
compared with a group of idiopathic PD patients (iPD)
stratified by age at disease onset. A longitudinal
approach was adopted to evaluate the progression over
time for clinical and 123I-FP-CIT SPECT imaging features.
Methods: We considered 46 GBA-PD patients and 339 iPD
patients, subdivided into two groups according to age at PD
onset (n = 58 < 50 years and n = 281 > 50 years). We mea-
sured differences in the occurrence/severity/progression of
motor and non-motor features, 123I-FP-CIT standard uptake
value ratios (SUVr) in striatal and extra-striatal regions, and
global cognitive deterioration over time in a subset of
168 cases with available follow-up.

Results: At baseline, the GBA-PD cohort showed more
severe motor and cognitive deficits than the early-iPD
cohort. The 123I-FP-CIT SUVr reduction in the striatal and
the extra-striatal regions was more marked in the GBA-
PD than the early- and late-iPD cohorts. Both GBA-PD
and late-iPD patients had a significant annual deteriora-
tion in their global cognitive performance, while the early-
iPD group showed global cognitive stability over time. At
follow-up, the iPD cohorts became similar to the GBA-
PD group in 123I-FP-CIT SUVr reduction.
Conclusion: These new findings support the hypothesis
of a biological role of GBA mutations in accelerating the
early neurodegenerative processes in PD, leading to the
malignant clinical phenotype. © 2021 International
Parkinson and Movement Disorder Society
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Heterozygous mutations in the GBA gene, encoding
for the lysosomal enzyme glucocerebrosidase (GCase),
are considered the most common genetic risk factor for
the development of α-synucleinopathies, such as
Parkinson’s disease (PD) and dementia with Lewy bod-
ies (DLB).1

Although the clinical manifestations of GBA-
associated PD (GBA-PD) are generally indistinguishable
from idiopathic PD (iPD) forms, GBA-PD patients have
an earlier disease onset, exhibit faster cognitive deterio-
ration, and lesser benefit from traditional drug interven-
tions than PD patients without GBA mutations.2-4
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Age has a central role in the progressive decline of
dopaminergic function and the development of PD.5

Late-onset iPD is associated with greater impairment of
dopaminergic function and more rapid disease
progression,6 accompanied by a severe motor and non-
motor phenotype and a significant reduction of
α-synuclein and total-tau cerebrospinal fluid levels.7

Conversely, early-onset iPD patients generally have a
slower disease progression and more preserved cogni-
tive function.8 The clinical features found in GBA-PD
patients are similar to the “diffuse malignant PD sub-
type”9 but with an earlier mean age of onset.
The pathogenetic mechanisms linking GBA mutations

to PD are still unknown. It has been proposed that
GCase deficiency leads to the accumulation of patho-
logical α-synuclein, which, in turn, inhibits GCase func-
tion, thus creating a vicious circle.10,11

According to previous studies performed on GBA-PD,
the early phase of the disease is phenotypically indistin-
guishable from the iPD; GBA-PD, however, is character-
ized by a worse clinical prognosis than iPD.12-14

Here, in a large PD cohort (www.ppmi-info.org/
database), we considered PD subjects with and without
GBA mutations to assess their clinical features at base-
line and over time; Moreover, we aimed to evaluate the
role of progressive striatal and extra-striatal pathways
dysfunction in accelerating phenotypic progression. We
compared the GBA-PD cohort with early- and late-
onset iPD patients, thus considering the age at disease
onset as a variable of interest. We hypothesized that the
more malignant clinical progression, characterizing PD-
GBA, would be associated with early and severe striatal
and extra-striatal pathways dysfunction.

Methods
Participants

Data used in this study were obtained from the
Parkinson’s Progression Markers Initiative (PPMI)
database (www.ppmi-info.org/data), an international,
multiple-site, prospective, longitudinal cohort study.
The aims and methodology of PPMI have been publi-
shed elsewhere.15,16 Study protocols and manuals are
available online at www.ppmi-info.org/study-design.
The institutional review board approved the study at
each site, and the participants provided written
informed consent.
We considered the PPMI participants for whom

whole exome or genome sequencing was available. The
exons 1–11 within the GBA gene were Sanger-
sequenced and screened for variants. Dual mutation
carriers (LRRK2 and GBA) were excluded from this
study. GBA variants were also classified according to
the mutation’s severity4: “mild” (N370S [mGBA]),
“severe” (L444P, R463C, IVS2 + 1G >A [sGBA]),

“risk” (E326K, T369M [rGBA]), and “unknown”
(A456P, K(�27)R, R39C, R44C, I489L [uGBA]).
We included 46 PD patients with GBA mutations

(GBA-PD) who were drug-naïve and underwent iodine
123 radiolabeled 2β-carbomethoxy-3β-(4-iodophenyl)-
N-(3-fluoropropyl) nortropane single-photon emission
computed tomography (123I-FP-CIT SPECT) and struc-
tural magnetic resonance imaging (MRI) acquisitions at
baseline. Drug-naïve iPD patients (N = 339) of the
PPMI database with available 123I-FP-CIT SPECT and
structural MRI acquisitions at baseline were considered
for comparisons of imaging and clinico-demographic
characteristics. Specifically, the iPD patients were
divided into (i) early-onset iPD, <50 years (n = 58) and
(ii) late-onset iPD, >50 years (n = 281).17-19

We evaluated the clinical and 123I-FP-CIT standard
uptake value ratios (SUVr) rate of change over time in a
subset of 168 PD cases with clinical and imaging data
available at two follow-up points (GBA-PD = 22, early-
iPD = 19 and late-iPD = 127).
We also included 59 healthy controls (HC) (aged

59.19 [10.75] years; 23 females and 36 males), with
available MRI and 123I-FP-CIT SPECT acquisitions at
baseline for imaging analysis. HC subjects were charac-
terized by normal cognition and motor functionality
(Montreal Cognitive Assessment [MoCA] score >26
and Hoehn & Yahr stage = 0). In all HC, 123I-FP-CIT
SPECT was rated as negative according to a predefined
ranking scale.20

Clinical Evaluation
All subjects completed the PPMI standard test battery

for motor and non-motor features assessment as
described previously.21,22 See Supplementary Materials
S1 for details.
The clinical progression was evaluated by using two

different follow-up points. We assessed rates of change
by comparing the baseline and the two time points at
which all patients received L-dopa treatments, thus con-
trolling for dopaminergic medications. As the first
follow-up, we selected a visit at about 2 years, defined as
“≈2-years”, and a second follow-up as the latest available
clinical visit at about 6 years, defined as “≈6-years”. Clin-
ical data were acquired in OFF-medications. We investi-
gated the rate of change for clinical markers, calculating
the number of points lost per year ([score at follow-up–
score at baseline]/years of follow-up).23

123I-FP-CIT SPECT Imaging Analysis
Pre-Processing and Analysis of 123I-FP-CIT SPECT
Images

The 123I-FP-CIT SPECT and MRI imaging data were
retrieved from the PPMI database. See Supplementary
Material S2 for a description of pre-processing
procedures.
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123I-FP-CIT SUVr (the parameter of interest) was cal-
culated as [(target region/reference region)�1] for each
subject-specific region of interest (ROI) (Supplementary
Materials S3). The lateral superior occipital cortex
uptake was used as the background reference region.
We extracted mean SUVr values from left and right

putamen to identify the predominant side of dopamine
transporter (DAT) SUVr defect in each PD patient,
then, we computed a DAT SUVr asymmetry index
(AI).24 According to the AI,24 the SUVr values for all
selected ROIs were flipped ROI-by-ROI, setting the

hemisphere with the lower SUVr on the left side. These
ipsilateral (left) and contralateral (right) uptake values
were employed for the statistical analyses (Fig. 1).
We evaluated the rates of change for regional SUVr

values across the groups, from baseline to “≈2-years”
visit; we selected the “≈2-years” visit to include the larg-
est number of subjects with 123I-FP-CIT SPECT avail-
able (GBA-PD = 16, early-iPD = 17, and late-
iPD = 74). Rates of change for imaging data were
obtained as described for clinical data.23 Imaging data
were acquired in OFF-medications.

FIG. 1. Subject-specific regions of interest (ROIs). Example of anatomical subject-specific ROIs superimposed on the relative magnetic resonance
imaging (MRI)-T1 image in the native space of a glucosylceramidase-associated Parkinson’s disease (GBA-PD) patient. (A) ROIs obtained by the auto-
matic anatomical segmentation of MRI scan, performed using volbrain. Twelve bilateral ROIs were defined in each subject: whole caudate nucleus
(green), whole putamen (red), globus pallidus (dark yellow), thalamus (blue), hippocampus (pink), and amygdala (light blue). (B) The functional striatal
subdivision following literature guidelines. The right panel shows the anterior (red) and posterior (blue) subdivisions of the whole putamen. The bound-
ary between the anterior and posterior putamen was taken to be the posterior aspect of the fornix. The left panel shows a functional subdivision of the
striatum based on a multimodal imaging study.25 The functional subdivision of the striatum includes dorsal-motor (pink) and ventral (yellow) divisions.
(C) This panel displays the lateral superior occipital cortex ROI used as the background reference region to calculate standard uptake value ratio (SUVr)
values. [Color figure can be viewed at wileyonlinelibrary.com]
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Statistical Analyses
MANCOVA and ANOVA with Bonferroni correction

for normally distributed variables and Kruskal�Wallis
with Bonferroni correction for non-parametric variables
were used to compare demographics, clinical, and imag-
ing data. We considered the following confounding vari-
ables for clinical measures comparisons among PD
groups: (i) gender and disease duration for baseline eval-
uation comparisons and (ii) gender, disease duration,
and levodopa equivalent daily dose (LEDD) for follow-

up comparisons. Statistical analysis comparing the brain
structural volumes among the different groups were
adjusted for gender, Unified Parkinson’s Disease Rating
Scale-Part III (UPDRS-III) and disease duration. Gender,
disease duration, ROIs structural volumes, and UPDRS-
III were used as nuisance variables for all the 123I-FP-
CIT imaging comparisons. In both individual and the
whole clinical groups (i.e., GBA-PD and early-/late-iPD
groups pooled together), we assessed the prediction of
123I-FP-CIT SUVr at baseline for all the considered ROIs

TABLE 1 Clinical and demographic features at baseline

Feature

GBA-PD
(N = 46)
Mean (SD)

Early-iPD
(N = 58)
Mean (SD)

Late-iPD
(N = 281)
Mean (SD)

F-
statistica

T-statistica

GBA-PD
vs.
early-iPD

GBA-PD
vs.
late-iPD

Early-iPD
vs.
late-iPD

Gender
(M/F)

26/20 33/25 193/88 P = 0.091 –

Age at onset
(years)

57.4 (10) 44.5 (5.5) 63.6 (7.0) P = 0.000 P = 0.000 P = 0.001 P = 0.000

Age at
baseline
(years)

58.9 (9.6) 47 (4.8) 64.8 (7.1) P = 0.000 P = 0.001 P = 0.000 P = 0.000

Age (years;
min�max)

29–81 33–54 51–84 – – – –

Education
(years)

15.9 (2.9) 15.7 (2.8) 15.4 (3.1) P = 0.333 – – –

Disease
duration
(years)

1.5 (1.4) 2.5 (3.2) 1.3 (1.6) P = 0.003 P = 0.441 P = 0.693 P = 0.003

Hoehn &
Yahr
scaleb

1.9 (0.3) 1.6 (0.5) 1.8 (0.6) P = 0.001 P = 0.002 P = 0.673 P = 0.003

UPDRS Part
IIIb

28.9 (10.2) 21.7 (10.8) 26.7 (12.2) P = 0.002 P = 0.003 P = 0.654 P = 0.006

UPDRS
total
scoreb

41.5 (12.6) 33.7 (16) 38.0 (15.6) P = 0.012 P = 0.013 P = 0.516 P = 0.057

MoCA total
scoreb

26.9 (2.5) 28.1 (2.3) 27.0 (2.3) P = 0.003 P = 0.016 P = 1.000 P = 0.004

SCOPA-
AUT total
scoreb

15.7 (12.4) 11.4 (7.8) 14.1 (9.4) P = 0.004 P = 0.017 P = 1.000 P = 0.006

RBDSQ
scoreb

4.4 (3.0) 3 (2.3) 3.1 (2.6) P = 0.004 P = 0.027 P = 0.003 P = 1.000

UPSIT
scoreb

21.9 (8.2) 25.1 (7.7) 21.6 (8.2) P = 0.082 P = 0.206 P = 1.000 P = 0.098

Abbreviations: GBA, glucosylceramidase beta; PD, Parkinson’s disease; i, idiopathic; SD, standard deviation; M, male; F, female; UPDRS, Unified Parkinson’s Disease Rating
Scale; MoCA, Montreal Cognitive Assessment; RBDSQ, Rapid Eye Movement Sleep Behavior Disorder Screening Questionnaire; SCOPA-AUT, Scales for Outcomes in
Parkinson’s Disease—Autonomic dysfunction; UPSIT, University of Pennsylvania Smell Identification Test. Bold letters indicate P value < 0.05.
aCorrected for Bonferroni.
bControlled for disease duration and gender.
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on the degree of clinical deterioration (i.e., rate of change
of all clinical variables from “≈2-years” to “≈6-years”
follow-up) through linear regression analyses. In the
same groups, we also calculated the correlation among
these clinical and imaging measures. We considered
ROIs structural volumes, disease duration, LEDD, and
gender as nuisance variables. SPSS 26.0 software was
used for statistical analysis.

Results

Baseline and follow-up demographic, clinical, and
123I-FP-CIT imaging features are reported in Table 1
and Tables S2–S5.
In the GBA-PD group, 63% (29/46) of patients car-

ried rGBA, 9% (4/46) sGBA, 15% (7/46) mGBA, and
13% uGBA (6/46) variants.

FIG. 2. Clinical and global cognitive progression of glucosylceramidase-associated Parkinson’s disease (GBA-PD) and idiopathic PD (iPD) subgroups
at three time points. Longitudinal changes in outcomes of interest in different PD groups (GBA-PD = 22; early-iPD = 19, and late-iPD = 127), (GBA-PD
in blue, early-iPD in orange, and late-iPD in grey) with longitudinal data at three time points. Mean follow-up duration in the entire population at early
follow-up = 1.74 years and last available follow-up = 6.40 years. The red line in the MoCA panel represents the clinical cut-off. *Significant statistical
differences in clinical progression. The dark line represents the longitudinal time frame from 2 to 6 years follow-up. GBA-PD showed a significantly
faster global cognitive deterioration than the early-iPD group from “≈2-years” to “≈6-years” visits (P = 0.043). H&Y, Hoehn & Yahr; SCOPA-AUT,
Scales for Outcomes in Parkinson’s disease – Autonomic dysfunction; FU, follow-up; Yrs, years; UPDRS-III, Unified Parkinson’s Disease Rating Scale-
Part III; MoCA, Montreal Cognitive Assessment. [Color figure can be viewed at wileyonlinelibrary.com]
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Cross-Sectional Study
Clinical and Global Cognitive Features

Baseline - The GBA-PD group showed significantly
higher Hoehn & Yahr, UPDRS-III, UPDRS total, and
SCOPA-AUT scores than early-iPD, but these were not
different from late-iPD. The GBA-PD group also had
higher Rapid Eye Movement Sleep Behavior Disorder
Screening Questionnaire (RBDSQ) scores than both the
early-iPD and late-iPD groups. MoCA scores were
lower than the early-iPD but comparable to the late-
iPD (Table 1).
“2-years” follow-up - The GBA-PD and late-iPD

groups showed significantly higher SCOPA-AUT scores
than early-iPD (Table S2).
“6-years” follow-up - The GBA-PD group presented

significantly more severe UPDRS-III and MoCA scores
than early-iPD (Table S3).

Imaging Features

The analysis of brain structural volumes revealed sta-
tistically significant differences among groups. Com-
pared with the early-iPD group, more prevalent
structural volume reductions were observed in the
brains of late-iPD and GBA-PD groups than the early-
iPD group. In particular, the comparison between
early- and late-iPD showed significant differences in

18 of 22 ROIs and between early-iPD and GBA-PD in
12 of 22 ROIs (Table S1).
The PD-GBA, early-iPD, and late-iPD patients shared

significantly decreased 123I-FP-CIT SUVr than the HC
in all the considered ROIs, except for the ventral stria-
tum, hippocampus, and amygdala, bilaterally. GBA-PD
patients showed a significantly lower DAT SUVr in the
bilateral ventral striatum than HC and early-iPD and
late-iPD. The GBA-PD group showed a significantly
lower 123I-FP-CIT SUVr in the whole contralateral
putamen, anterior and motor putamen, globus pallidus,
hippocampus, and amygdala than the early-iPD group.
All the significant differences in 123I-FP-CIT SUVr
among clinical groups are shown in Fig. 3 and
Table S4.
At the “≈2-years” follow-up visit, no statistically sig-

nificant differences emerged among groups (Table S5).

Longitudinal Progression Study
Clinical and Global Cognitive Features

The longitudinal progression analysis from
“≈2-years” to “≈6-years” visits showed a significantly
faster global cognitive deterioration in the GBA-PD
group than the early-iPD group (P = 0.043). Over this
follow-up period, GBA-PD patients lost 0.29 MoCA
points per year, and early-iPD patients remained stable

FIG. 3. Differences in 123I-FP-CIT imaging standard uptake value ratio (SUVr) at baseline. Panel with violin plots depicting significant differences in 123I-
FP-CIT SUVr data of regions of interest (ROIs) in the four considered clinical groups: glucosylceramidase-associated Parkinson’s disease (GBA-PD)
(purple), early idiopathic Parkinson’s disease (early-iPD) (orange), late-iPD (green), and healthy controls (HC) (violet). ***Statistical difference at
P < 0.000. **Statistical difference at P < 0.05. [Color figure can be viewed at wileyonlinelibrary.com]
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(Fig. 2). The late-iPD group lost 0.08 points per year of
MoCA from “≈2-years” to “≈6-years” follow-up visits.
Of note, at “≈6-years” follow-up, the 10% of GBA-PD
and the 17% of late-iPD patients were below the
MoCA cut-off score of 26, with 1.63 MoCA points lost
per year in GBA-PD and 1.34 points lost per year in
late-iPD. The 75% (3/4) of sGBA genotype moved from
normal to pathological MoCA values from baseline to
“≈6-years” visit. The early-iPD group was instead stable
over time (Fig. 2 and Table S6). The three groups had
no significant differences in rates of change of the other
considered clinical variables.

Imaging Features

From baseline to “≈2-years” follow-up, we found that
the GBA-PD showed a global SUVr rate of change (i.e.,
mean rate of change of all considered ROIs) equal to
�0.11, early-iPD equal to �0.09, and late-iPD equal to
�0.16 (Fig. 4). The late-iPD group showed the highest
global SUVr rate of change. Of note, we found that the
early-iPD and late-iPD groups significantly increased
their SUVr rate of change, namely significant SUVr
reductions over time, in the ventral striatum in compar-
ison with the GBA-PD group at “≈2-years” (early-iPD
vs. GBA-PD P = 0.024; late-iPD vs. GBA-PD
P < 0.001).

Relationship between Motor and 123I-FP-CIT
SPECT Measures

We found a significant correlation between low SUVr
values in the thalamus at baseline and MOCA worsen-
ing from “≈2-years” to “≈6-years” follow-up visits in

the early-iPD group (r = 0.996; P = 0.034). The linear
regression model revealed that low SUVr values in the
caudate nucleus (motor division) at baseline were asso-
ciated with UPDRS-III motor scores worsening from
“≈2-years” to “≈6-years” follow-up visits in the whole
PD patients (B = �6.46; P = 0.021) and in the late-iPD
group (B = �10.26; P = 0.009).
In the whole PD group (385 patients), we found that

254 (66.75%) patients were classified as having motor
asymmetry (0.30 < motor asymmetry index < �0.30).
The mean (SD, range) side-to-side difference in UPDRS-
III was 9.18 points (3.6, 1–20). Similarly, 311 of
385 (80.78%) patients were classified as having dopa-
minergic asymmetry (0.05 < asymmetry index < �0.05).
The mean (SD, range) relative side-to-side difference in
putamen SUVr was 37.8% (22.7, 5.4–150.20) in these
patients. Finally, 219 patients (56.88%) were classified
as having both a motor and dopaminergic asymmetry
and, among these, 90% showed consistent clinical and
imaging laterality.
Twenty-one of 46 patients (45.65%) showed DAT

SUVr asymmetry and motor asymmetry in the GBA-PD
group. In the early-iPD group, 43 of 58 patients
(74.14%) showed DAT SUVr asymmetry and motor
asymmetry. In the late-iPD group, 155 of 218 patients
(55.16%) showed DAT SUVr asymmetry and motor
asymmetry.
When the three groups were compared for their DAT

SUVr and motor asymmetry characteristics, differences
emerged (χ2 = 9.747; P = 0.008), where GBA-PD
(45.65%) and late-iPD (55.16%) patients showed less
DAT SUVr and motor asymmetry than the early-iPD
group (74.14%).

FIG. 4. Rate of changes of 123I-FP-CIT standard uptake value ratio (SUVr). Horizontal bar plot depicting the rate of changes per year of 123I-FP-CIT
SUVr data extracted from subject-specific regions of interest in each Parkinson’s disease (PD) group (glucosylceramidase-associated Parkinson’s dis-
ease [GBA-PD] in blue, early idiopathic Parkinson’s disease [early-iPD] in orange, and late-iPD in grey). *Late- and early-iPD groups showed a signifi-
cantly higher rate of change in the ventral striatum than GBA-PD, already severely affected. [Color figure can be viewed at wileyonlinelibrary.com]
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Discussion

The current study evaluated clinical features and 123I-
FP-CIT imaging in a large population of drug-naïve PD
patients with GBA mutations, comparing them for the
first time with two cohorts of drug-naïve iPD stratified
by their age at symptoms onset, with a combined cross-
sectional and longitudinal design.
Limited evidence reports DAT imaging results in GBA-

PD carriers, with significant increases14 or decreases13 of
dopaminergic activity in GBA-PD compared to iPD. Spe-
cifically, these studies investigated 123I-FP-CIT imaging
in GBA-PD compared to iPD, focusing analyses only on
putamen and caudate nucleus without stratifying the
cohorts according to age at symptoms onset.13,14 Our
study applied a comprehensive approach comparing
GBA-PD and iPD stratified according to the age of onset
and evaluating 123I-FP-CIT SUVr in striatal and extra-
striatal targets.25-28 On a methodological note, our find-
ings are based on a subject-specific ROI approach based
on the structure segmentation of MRI scans in each par-
ticipant. The automatic delineation of anatomical struc-
tures derived from single-subject structural T1-weighted
MRI images and the introduction of MRI-ROI volumet-
rics as a nuisance variable increases the precision of 123I-
FP-CIT SUVr extraction. Furthermore, introducing the
MRI-ROI volumetrics as a nuisance variable made the
results more solid, as the GBA-PD and late-iPD groups
showed significantly lower MRI-ROI volumes than the
early-iPD group in the majority of considered ROIs
(Table S1). The structural data results highlight degener-
ative processes and neuronal death in the structures of
the dopaminergic pathways since the early phase of PD.
Our results (both cross-sectional and longitudinal

ones) suggest that GBA mutations accelerate the neuro-
degenerative processes, leading to significant dopami-
nergic damage and a more severe clinical phenotype,
already at the beginning of the disease. Specifically, the
cross-sectional analysis at baseline, indicating the early
involvement of dorsal and ventral striatum in the GBA-
PD group, supports the hypothesis of a more extended
biological effect of the GBA mutations than the idio-
pathic forms on the dopaminergic systems (Table S4
and Fig. 3). The longitudinal evaluation demonstrated
that after only 2 years, both early- and late-iPD groups
reached the same dopaminergic damage severity as
GBA-PD patients in the ventral striatum (Fig. 4).
Late-iPD and GBA-PD showed a comparable clinical

and cognitive deterioration, compatible with the defini-
tion of “diffuse malignant” PD clinical phenotype, con-
trary to the early-iPD showing a stable global cognitive
course (Fig. 2). Our findings support the hypothesis
that early-iPD represents a PD clinical condition char-
acterized by a slow disease course and stable cognitive
progression.

According to the literature, the PD malignant pheno-
type is usually characterized by more severe motor and
non-motor symptoms, more significant atrophy of the
substantia nigra area, and more dopaminergic deficits
in SPECT.29 The key clinical markers of a malignant
subtype are RBD, autonomic dysfunctions, and rapid
progression to severe cognitive impairment.9,30 In the
present series, the GBA-PD group also showed higher
RBDSQ scores than the two iPD groups, suggesting a
higher prevalence of sleep disorder in the GBA-PD
cohort. RBD in PD subjects is considered a marker of a
more malignant phenotype, with a faster motor and
non-motor symptoms progression.29 RBD in PD is also
related to the diffusion and severe deposition of syn-
uclein at autopsy.31

The malignant PD is characterized by a more rapid
decline in global cognition (a progressive worsening of
MoCA scores).29 Accordingly, in our study GBA-PD
and the late-iPD patients lost more than 1 MoCA point
per year, while the early-iPD cases showed global cog-
nitive stability during the years (Fig. 2 and Table S6).
Our report found that after 6 years, the 10% of GBA-
PD and the 17% of late-iPD patients were below the
MoCA cut-off score of 26, with 1.63 MoCA points lost
per year in GBA-PD and 1.34 points lost per year in
late-iPD. Conversely the early-iPD group was stable. A
large study including 421 individuals with de novo
early PD found that the “malignant” phenotype lost 1.8
points in a mean follow-up time of 2.9 years.29

Previous studies suggest that GBA mutations have a
biological effect on a more aggressive PD pheno-
type.13,32 Even if in a limited number of patients, we
found that the severe GBA variant showed faster cogni-
tive deterioration, consistent with recent evidence
reporting that patients with severe GBA-PD mutations
had the highest burden of cognitive impairment.4

Future studies with large samples of GBA-PD patients
with clinical and neuroimaging data available are
needed to provide solid evidence for the role of specific
GBA variants—especially T369M and variants of
unknown significance, in the expression of clinical
phenotypes.
The DAT activity comparison with HC revealed a

dopaminergic impairment in almost all nigrostriatal
structures affecting three PD cohorts—GBA-PD, late-
iPD, and early-iPD (Table S1). In the ventral striatum,
at baseline, only GBA-PD showed decreased DAT
activity. De novo late-iPD and early-iPD patients,
instead, showed levels of DAT activity comparable
with HC at baseline. After about a 2-year follow-up,
early-iPD and late-iPD groups showed a rapid
decrease of 123I-FP-CIT SUVr in the ventral striatum
(Fig. 4). Notably, the SUVr in the ventral striatum was
significantly lower in the GBA-PD group than the
idiopathic-PD groups at baseline (Table S1) but
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became comparable to the other groups after a 2-year
follow-up (Table S3). Our results suggest that GBA
mutation is associated with accelerated neurodegener-
ative processes, leading to a severe 123I-FP-CIT SUVr
reduction in the GBA-PD group already at the begin-
ning of the disease. The ventral striatum receives pro-
jections from the ventral tegmental area neurons, and
it is part of the dopaminergic mesolimbic system.25

Early PD pathology involves the dorsal-motor stria-
tum and spares the ventral striatum and the ventral
tegmental area.33 However, during the disease course,
the mesolimbic system is unequivocally affected by PD
pathology.34 The early involvement of ventral striatum
in the GBA-PD group further supports the hypothesis
about the role of GBA mutations in causing severe and
more extended dopaminergic damage than the idio-
pathic forms.
The GBA-PD group had significantly reduced 123I-FP-

CIT SUVr in the globus pallidus, hippocampus, and
amygdala compared with the early-iPD cohort, compa-
rable to the late-iPD (Table S1). Previous reports inves-
tigated extra-striatal 123I-FP-CIT SUVr in iPD.
Kaasinen et al reported decreased SUVr in the olfactory
cortex, thalamus, and anterior cingulate cortex in PD
compared to controls.24 Pilotto et al recently reported a
significant SUVr reduction in the thalamus and insula
in PD compared to controls.35 Of note, our study is the
first attempt to explore this issue in a group of well-
characterized newly diagnosed GBA-PD and compare
them with two groups of iPD patients. Alterations of
extra-striatal 123I-FP-CIT SUVr are involved in different
phenotypes of iPD36 and are associated with the sever-
ity of motor symptoms and decline of cognitive
performance.37,38

No significant correlation was found between regional
123I-FP-CIT SPECT SUVr values and clinical measures at
baseline. Considering that PD’s earliest clinical motor
manifestations occur at the point of at least a 50% loss
of dopaminergic transporter SUVr,39,40 our results are
not surprising. A significant correlation between imaging
and clinical variables emerged when we considered the
clinical progression at “≈2-years” and “≈6-years” follow-
up. Low SUVr values in the motor division of the cau-
date nucleus at baseline were associated with worsening
motor scores from “≈2-years” to “≈6-years” visits in the
whole PD group and late-iPD clinical group. Thus, the
presynaptic dopamine depletion in the caudate nucleus
motor division in the de novo stage predicted the later
severity of motor symptoms in the whole PD and late-
PD groups using longitudinal data. It should be
acknowledged that the UPDRS-III scores characterizing
the three cohorts of patients remained almost unchanged
over time (Fig. 2). The current evidence may be related
to the effects of therapeutic interventions slowing the
progression of motor deficits and making the rate of
change stable over time.

Unfortunately, in this study the 123I-FP-CIT imaging
data at “≈6-years” were not available in a sufficient
number of subjects to evaluate pathological trajectories
over a longer time frame. Our 123I-FP-CIT imaging find-
ing, comparing baseline with “≈2-years” data, suggests
that the dopaminergic damage reached plateau faster in
the GBA-PD cohort than in the iPD groups. Moreover,
the GBA-PD group showed more widespread dopami-
nergic damage since the early clinical phases, supported
by the lack of dopaminergic asymmetry.
The evidence of lower DAT density in patients with

diffuse brain Lewy bodies disease (PDD/DLB) com-
pared to PD patients with mild motor-predominant
phenotype13,41 suggests that within the clinical spec-
trum of PD, patients with GBA mutations are much
closer to the diffuse malignant phenotype (PDD/DLB).
How GBA mutations produce an effect on DA integ-

rity is still unclear. Glycosylceramide—the substrate of
GCase—may cause the accumulation of α-synuclein
and, conversely, the accumulation of α-synuclein may
lead to a decrease in GCase activity.10 Overexpression
of α-synuclein led to reduced GCase levels in brain
tissue,42,43 cerebrospinal fluid,44 and peripheral blood
of PD patients.45,46 Furthermore, by targeting mito-
chondria and endoplasmic reticulum functions, GCase
defects impact cellular energy production and
proteostasis; more importantly, GCase deficiency is
associated with remarkable microglia activation, which
points to neuroinflammation as another major conse-
quence of GBA mutations.47 All in all, these studies
indicate a malignant neurotoxic cycle that GBA muta-
tions may trigger. The reason for the vulnerability of
specific neuron types, however, is still not clarified. One
potential mechanism could be the increased levels of
α-synuclein in synaptic DA terminals, where the a-
synuclein oligomeric forms start the degenerative pro-
cess.48 Specific neurons are vulnerable to α-synuclein
pathology,49 and these neurons share morphological
traits, namely the presence of long and highly branched
axons with a considerable number of transmitter
release sites. The neurons with these characteristics are
the dopaminergic neurons arising from the substantia
nigra and projecting to the striatum.50 Accordingly,
post-mortem evidence demonstrated a widespread defi-
ciency of GCase activity in GBA-PD brains, with the
most severe defect located in the substantia nigra
(58%) and putamen (48%).51

In conclusion, our findings confirm that the GBA
mutations contribute to a more severe phenotype in
motor staging and global cognitive decline52,53 with an
underlying widespread and severe nigrostriatal, mes-
olimbic, and extra-striatal SUVr deficiency.
Future studies will be necessary, focusing on factors

such as the co-existence of α-synuclein, tau, and amy-
loid proteinopathies or/and the differential proxies of
cognitive and brain reserve together with GBA
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mutations in modulating disease progression. More-
over, a large follow-up sample size addressing the clini-
cal effects of GBA variants may reveal their role in
determining the malignant phenotype.
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