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Abstract

Background and objectives Age at onset is a key determinant of disease course in the general Parkinson’s disease (PD) popu-
lation, but its influence among GBA-PD remains undetermined. This study investigates whether age at onset affects cognitive
decline in GBA-PD patients and compares symptoms between GBA-PD and nonGBA-PD groups, stratified by age of onset.
Methods In this multicentric cross-sectional study, PD patients were stratified into early onset (< 50 years), intermediate
onset (50-60 years), and late onset (> 60 years). Demographic—clinical data and scores of the Movement Disorder Society—
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), Montreal Cognitive Assessment (MoCA), Scales for Outcomes
in Parkinson’s Disease—Autonomic Dysfunction (SCOPA-AUT), and Beck Depression Inventory (BDI-II) were compared
using ANCOVA. The effects of age of onset, GBAI status, and their interaction were investigated. External validation on
cognition was performed using data from the PPMI cohort.

Results We analyzed 80 GBA-PD and 236 nonGBA-PD patients. Among GBA-PD, late-onset patients exhibited worse axial
scores (p=0.037), while early-onset had more severe motor complications (p =0.007) and dysautonomia (p=0.012). Age
of onset and GBA/ status did not influence MoCA scores. Conversely, GBA! status independently affected MDS-UPDRS
parts [ and II (p <0.001 and p=0.019, respectively) and BDI-II scores (p =0.002). Analysis on the external dataset (PPMI)
showed late-onset PD had lower MoCA scores (p <0.001) and confirmed GBAI status did not influence cognition.
Discussion In the first decade of PD, cognitive decline is mainly age and duration dependent, irrespective of GBAI genotype.
Early onset does not increase cognitive risk in GBA-PD, supporting its relevance for counseling and treatment planning.
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Introduction

GBA| variants are the most frequent genetic risk factor
for the development of Parkinson’s disease (PD) [1-4].
Indeed, heterozygous variants in the GBAI gene have
been identified in 10-15% of PD patients, depending on
the population under study [2, 3, 5]. While patients with
and without GBA ! variants can be indistinguishable at an
individual level, those with GBA I variants (GBA-PD) col-
lectively show earlier disease onset, faster motor decline,
higher burden of non-motor symptoms, increased risk of
mortality, and, importantly, accelerated cognitive decline
[1, 2, 6-11]. These findings have raised important ques-
tions about whether GBAI carriers require distinct man-
agement approaches and whether certain therapies, such
as deep brain stimulation (DBS), are suitable for these
patients [12—15].

For idiopathic PD, numerous studies have demonstrated
that the younger age of disease onset influences specific
clinical features, including a lower risk of cognitive
decline, a higher burden of fluctuations and dyskinesia,
reduced quality of life, and slower disease progression
[16-19]. However, the impact of age at disease onset in the
GBA-PD population has been overlooked, and it remains
unclear whether an earlier onset is associated with a more
severe or milder phenotype in terms of both motor and
non-motor (e.g., cognitive, neuropsychiatric, autonomic)
symptoms.

In this context, the primary aim of this study was to
investigate whether an earlier age at onset in GBA-PD
patients is a risk factor for worse cognitive functioning.
The secondary aim was to assess whether motor and non-
motor symptoms differ between GBA/ carriers and non-
carriers, stratified for age of disease onset.

Methods

This is a multicentric cross-sectional study, involving four
Movement Disorder Centers in Italy (Department of Neu-
rosciences “Rita Levi Montalcini”, University of Turin;
Department of Advanced Medical and Surgical Sciences,
University of Campania “Luigi Vanvitelli”; Parkinson
and Movement Disorders Unit, IRCCS Mondino Founda-
tion, of Pavia; IRCCS Istituto delle Scienze Neurologiche
of Bologna). The study was conducted according to the
STROBE guidelines for observational studies [20].

A multicentric cohort of patients with available GBA
genotype was recruited in the period from May 2023
up to October 2024. The GBAI gene was tested using a
novel NGS-based method, which relies on the selective
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amplification of the whole gene in one long PCR frag-
ment (6 kb) followed by Nextera sequencing and a custom-
ized bioinformatics pipeline aimed at masking the GBAPI
pseudogene [21].

In addition, all patients with onset < 50 years or positive
family history for PD were tested with a next-generation
sequencing (NGS) panel targeting major genes associated
with parkinsonism (ATPI13A2, C19orf12, DJ1, FBXO7,
HGSNAT, LRRK2, PINKI, PLA2G6, POLG, PRKN,
SLC6A3, SNCA, TAF1, VPS35).

Inclusion criteria included a PD diagnosis, as per the
Movement Disorder Society (MDS) diagnostic criteria [22],
and age ranging from 18 to 80 years. Exclusion criteria were
the presence of atypical parkinsonism or other neurological
disorders, the presence of pathogenic or likely pathogenic
variants in PD-related genes other than GBA 1, and treatment
with device-aided therapies (i.e., infusion therapies or deep
brain stimulation).

Standard protocol approvals, registrations,
and patient consents

The Local Ethics Committee approved the study in each
center (protocol number 0044208), and all participants pro-
vided written informed consent.

Outcome measures

We collected clinical and demographical data, includ-
ing age, sex, disease duration, years of formal education,
and dopaminergic therapy, with levodopa equivalent daily
dose (LEDD) calculated using a validated formula [23].
Non-motor and motor experience of daily living activities
(ADL) were assessed using the Movement Disorder Society-
sponsored Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) part I and II, respectively [24], while motor impair-
ment was evaluated by means of the MDS-UPDRS part III,
carried out in the daily on condition. The axial score was
calculated by summing the following items of the MDS-
UPDRS part III: item 3.1 (speech), 3.3a (neck rigidity), 3.9
(arising from a chair), 3.10 (gait), 3.11 (freezing of gait),
3.12 (postural stability) and 3.13 (posture) [25]. Motor com-
plications (MC) (including both dyskinesia and motor fluc-
tuations) were evaluated by means of the MDS-UPDRS part
IV [24], global cognitive status with the adjusted Montreal
Cognitive Assessment (MoCA) [26], autonomic dysfunc-
tion by means of the Scales for Outcomes in Parkinson’s
disease—Autonomic Dysfunction [27], and depression with
the Beck Depression Inventory (BDI-II) [28].

Patients were categorized as GBAI carriers (GBA-PD)
or non-carriers (nonGBA-PD) and stratified for age of
onset of motor symptoms in three groups: early-onset PD
(EOPD; onset < 50 years of age), intermediate-onset PD
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(IOPD; onset > 50 and <60 years of age), and late-onset
PD (LOPD; onset > 60 years of age) [29]. The categori-
zation into normal cognition, mild cognitive impairment
(MCI) or dementia was performed for each group by vali-
dated cut-offs of the adjusted MoCA score [30].

Statistical analysis

Descriptive statistics was used for continuous variables,
while frequency was used for categorical data. Analysis
of covariance (ANCOVA) was conducted to compare con-
tinuous outcomes across three age-at-onset groups within
the GBA-PD and nonGBA-PD cohorts, adjusting for dis-
ease duration. In addition, a two-way ANCOVA was used
to assess the main effects of age at onset and GBA1 status,
as well as their interaction, while controlling for disease
duration as a covariate. The same analysis was repeated
for MoCA scores adjusted for age at assessment and edu-
cation, following the established criteria [31]. Statistical
analyses were corrected for multiple comparisons using
Bonferroni’s adjustment.

A Chi-square test was used to compare the distribution
of normal cognition, MCI, and dementia between GBA-PD
and nonGBA-PD patients within each age-at-onset cat-
egory (EOPD, IOPD, LOPD).

Finally, to validate our findings, we analyzed the effect
of age of onset and GBA status on the MoCA score using
data from the Parkinson’s Progression Markers Initiative
(PPMI) cohort, a multicenter longitudinal study collect-
ing clinical information from a large cohort of individuals
with PD [32]. We included all PD patients from the PPMI
dataset with a positive dopamine transporter single-photon
emission computed tomography (DaT-SPECT), who had
undergone genetic analysis and had complete clinical data,
including MoCA scores, available 4-6 years after disease
onset. A follow-up time point of 4 to 6 years from the
clinical onset of PD was chosen to ensure both a suffi-
ciently large patient population and a follow-up duration
long enough to capture meaningful disease progression.

Data with > 30% of missing values were excluded from
the analyses.

All the analyses were performed with Statistical Pack-
age for the Social Sciences (SPSS 27.0 for Macintosh,
Chicago, IL), using two-tailed p-values with a level of
significance of 0.05.

Data availability
The data that support the findings of this study are avail-

able from the corresponding author upon reasonable
request.

Results

A total of 382 patients with a clinical diagnosis of PD were
screened for eligibility across participating centers. Of these,
66 were excluded for the following reasons: 23 declined or
did not complete genetic testing, 17 had incomplete clinical
or cognitive data, 12 were receiving advanced PD therapies,
8 presented with other neurological or cerebrovascular con-
ditions that could significantly affect cognitive performance
(such as extensive small-vessel disease, prior stroke, or comor-
bid neurodegenerative disorders), and 6 did not meet inclusion
criteria due to uncertain diagnosis.

The final cohort thus included 316 PD patients who were
included in the study (197 males and 119 females), of whom
80 were GBA-PD. For cohort stratification based on age at
onset, GBA status, and GBA variants, see Supplementary
Table 1.

Among GBA-PD patients, 51% were EOPD (41/80), 34%
IOPD (27/80), and 15% LOPD (12/80). Among nonGBA-PD
patients, 17% were EOPD (40/236), 46% 10PD (109/236), and
37% LOPD (87/236). Clinical and demographic data of the
entire cohort and divided per age of onset groups are reported
in Table 1. Classification of patients into normal cognition,
MCT and dementia stratified per age of onset and GBA[ status
are reported in Table 2.

GBA-PD and nonGBA-PD patients

After controlling for disease duration, both in GBA-PD and
nonGBA-PD groups, cognitive performance did not differ
significantly across the three age of onset groups (adjusted
MoCA scores—GBA-PD: p=0.302; nonGBA-PD: p=0.052)
(Table 1). Early-onset PD (EOPD) patients, in both GBA-PD
and nonGBA-PD groups, exhibited significantly more severe
motor complications (MDS-UPDRS Part IV scores—GBA-
PD: p=0.007; nonGBA-PD: p<0.001). In GBA-PD, EOPD
patients also had more severe autonomic symptoms (SCOPA-
AUT scores—p=0.012) and a trend toward higher ADL
disability (MDS-UPDRS Part II scores—p =0.067); in non-
GBA-PD, EOPD showed significantly more severe non-motor
symptoms (MDS-UPDRS Parts I scores—p < 0.001), higher
ADL motor disability (MDS-UPDRS Parts II—p <0.001),
more severe depressive symptoms (BDI-II score—p=0.021),
and higher LEDD (p<0.001). Conversely, late-onset PD
(LOPD) patients, in both GBA-PD and nonGBA-PD groups,
exhibited worse axial symptom scores (GBA-PD: p=0.037;
nonGBA-PD: p <0.001).

The role of age of onset and GBAT1 status

A two-way analysis of variance examined the effects of
age of onset, GBAI status, and their interaction on clinical
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Table 1 Clinical and
demographical characteristics
of nonGBA-PD and GBA-PD
patients stratified by age group

@ Springer

EOPD 10PD LOPD p-value (ANCOVA)
Sex
%M/%F (M/F)
GBA-PD 58.5%/41.5% 59.3%/40.7% 50%/50% NA
(24/17) (16/11) (6/6)
nonGBA-PD 60%/40% 70.6%/29.4% 57.5%/42.5% NA
(24/16) (77/32) (50/37)
Age at evaluation
GBA-PD 51.63+6.51 61.37+4.29 72.58 +4.70 <0.001*
(37-65) (52-71) (67-82)
nonGBA-PD 51.88+7.79 63.29+4.06 71.84+4.87 <0.001%*
(36-68) (53-79) (61-89)
Age of onset
GBA-PD 41.51+55 55.22+3.11 66.17+4.84 <0.001*
(27-49) (50-60) (61-74)
nonGBA-PD 43.28+5.07 55.34+3.1 66.76 +4.57 <0.001*
(28-49) (50-60) (61-81)
Disease duration
GBA-PD 10.15+6.04 6.19+3.46 6.42+1.93 0.0037*
(3-26) (2-15) (3-10)
nonGBA-PD 8.75+5 7.94+3.59 5.15+2.94 <0.001*
(2-26) (1-22) 1-15)
LEDD
GBA-PD 836.68+528.11 714.78 +493.16 693.42 +£403.12 0.672
(200-3300) (0-1997) (200-1564)
nonGBA-PD 863.70+585.06 796.87 +£475.27 490.45 +295.68 <0.001°*
(0-2105) (0-2543) (0-1725)
Education
GBA-PD 13.34+3.27 11.85+3.98 9.92+5.11 0.011%*
(8-20) (5-19) (5-19)
nonGBA-PD 12.56 +£3.43 11.60+3.81 10.93+4.36 0.188
(5-18) (5-22) (5-19)
MDS-UPDRS I
GBA-PD 10.67 +6.38 11.56 +3.59 9.67+5.90 0.427
(2-26) (4-29) (2-18)
nonGBA-PD 8.60+6.3 7.69+5.89 5.48+5.86 <0.001*
(0-22) (0-24) (0-24)
MDS-UPDRS 11
GBA-PD 11.38+6.99 12.41+£6.93 9.75+5.85 0.067
(0-29) 2-27) (0-18)
nonGBA-PD 10.42+7.7 9.27+7.18 6.62+6.63 <0.001*
(0-31) (0-39) (0-30)
MDS-UPDRS III
GBA-PD 23.50+15.73 25.74+12.67 26.83+13.5 0.194
(6-57) (2-48) (4-49)
nonGBA-PD 24.18+13.37 26.09+13 27.31+11.95 0.140
(2-66) 4-71) (5-58)
MDS-UPDRS IV
GBA-PD 5.03+4.64 4.42+4.16 2.67+3.06 0.007*
(0-15) (0-16) (0-10)
nonGBA-PD 6.54+3.96 4.57+4.79 1.43+2.36 <0.001*
(0-13) (0-17) (0-12)
Axial Score
GBA-PD 4.85+4.1 5.19+2.76 5.82+4.58 0.037*
(0-18) (0-10) (1-15)
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Table 1 (continued)

EOPD 10PD LOPD p-value (ANCOVA)
nonGBA-PD 4.93+4.5 5.23+3.63 5.90+3.27 <0.001*
(0-23) (0-23) (0-18)
SCOPA-AUT
GBA-PD 14.88+9.28 14.00+6.47 14.80+8.53 0.012%*
(2-38) (2-30) 1-29)
nonGBA-PD 14.89+9.13 14.55+8.56 14.10+8.6 0.244
(0-32) (0-49) (0-49)
BDI-II
GBA-PD 13.00+10.56 10.75+6.5 11.80+6.05 0.815
(1-63) (0-24) (1-22)
nonGBA-PD 10.61+7.98 8.38+6.63 7.75+5.68 0.021*
(1-36) (0-34) (0-25)

p-value (ANCOVA): statistical differences within the GBA-PD and nonGBA-PD groups by age of onset
(EOPD, I0PD, LOPD), adjusted for disease duration. Values <0.05 are marked with an asterisk (¥)

NA not applicable. EOPD early-onset Parkinson’s disease. /OPD intermediate-onset Parkinson’s disease.
LOPD late-onset Parkinson’s disease. GBA-PD Parkinson’s disease patients carrying a variant in the GBA
gene. nonGBA-PD Parkinson’s disease patients not carrying a variant in the GBA gene. LEDD levodopa
equivalent daily dose. MDS-UPDRS Movement Disorder Society—Unified Parkinson’s Disease Rating
Scale. SCOPA-AUT Scales for Outcomes in Parkinson’s Disease—Autonomic Dysfunction. BDI Beck
Depression Inventory

Table 2 Cognitive status and

EOPD 10PD LOPD p-value
MoCA scores across age-at-
onset and GBAI subgroups Raw MoCA score
GBA-PD 23.97+5.66 23.89+4.68 21.50+2.71 0.045*
(8-30) (11-29) 17-25)
NonGBA-PD 24.97+3.04 24.15+3.55 22.24+4.08 <0.001*
(17-30) (10-30) (13-30)
Adjusted MoCA score
GBA-PD 21.98+5.37 23.09+4.40 22.74+3.15 0.302
(6.46-28.95) (11.64-29.30) (16.89-26.99)
NonGBA-PD 23.26+2.96 23.57+2.94 22.95+3.46 0.052
(13.52-27.3) (12.38-28.73) (12.12-28.92)
Normal cognition/MCI/
dementia (%)
GBA-PD 25.6/38.5/35.9 29.6/44.5/25.9 8.3/66.7/25
NonGBA-PD 19.4/58/22.6 20.8/63.4/15.8 19.8/58.1/22.1

p-value: 0.256

p-value: 0.199

p-value: 0.632

p-value ANCOVA (in bold): Statistical comparisons of continuous outcomes across age-at-onset groups
(EOPD, IOPD, LOPD), performed separately within the GBA-PD and PD-GBA cohorts, adjusted for dis-
ease duration. p-values not in bold are referred to Chi-square test analysis for categorical comparisons
between GBA-PD and nonGBA-PD groups, performed within each age-at-onset category (EOPD, IOPD,
LOPD). The categorization into normal cognition, mild cognitive impairment (MCI) or dementia was per-
formed for each group by validated cut-off of the adjusted MoCA score. Values <0.05 are marked with an
asterisk (*)

EOPD Early-onset Parkinson’s disease. /OPD intermediate-onset Parkinson’s disease. LOPD late-onset
Parkinson’s disease. GBA-PD Parkinson’s disease patients carrying a variant in the GBA gene. NonGBA-
PD Parkinson’s disease patients not carrying a variant in the GBA gene. MoCA Montreal Cognitive Assess-
ment

outcomes, controlling for disease duration as a covariate
(Table 3).

Analyzing MoCA scores adjusted for age and education,
neither GBAI status (F=1.249; p=0.265), nor age of onset

(F=0.508; p=0.602) appeared to affect cognition, although
GBA-PD patients showed a non-significant trend toward
lower scores. Notably, disease duration (used as covariate)
significantly influenced MoCA scores.
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Table 3 Impact of age of

onset, GBA status, and disease

duration on clinical outcomes
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Variable Effect F-value Partial eta p-value
squared
Adjusted MoCA Model 2.495 0.049 0.023*
Age of onset 0.508 0.004 0.602
GBA status 1.249 0.004 0.265
Disease duration 9.180 0.031 0.003*
Age of onset * GBA status 0.294 0.002 0.745
MDS-UPDRS Part I Model 8.334 0.142 <0.001%*
Age of onset 1.07 0.007 0.344
GBA status 14.227 0.045 <0.001%*
Disease duration 15.951 0.05 <0.001%*
Age of onset * GBA status 1.083 0.007 0.34
MDS-UPDRS Part I Model 9.527 0.157 <0.001%*
Age of Onset 1.366 0.009 0.257
GBA Status 5.591 0.018 0.019*
Disease Duration 32.283 0.095 <0.001%*
Age of Onset * GBA Status 1.569 0.01 0.21
MDS-UPDRS Part III Model 1.879 0.035 0.084
Age of onset 2.313 0.015 0.101
GBA status 0.113 0.0 0.737
Disease duration 8.096 0.026 <0.005%*
Age of onset * GBA status 0.128 0.001 0.88
MDS-UPDRS Part IV Model 15.525 0.238 <0.001*
Age of onset 6.046 0.039 0.003*
GBA status 0.083 0.0 0.773
Disease duration 30.838 0.094 <0.001*
Age of onset * GBA status 2.028 0.013 0.133
Axial scores Model 5.084 0.091 <0.001*
Age of onset 3.719 0.024 0.025*
GBA status 0.087 0.0 0.768
Disease duration 26.697 0.08 <0.001*
Age of onset * GBA Status 0.345 0.002 0.708
BDI-II Model 3.601 0.074 0.002*
Age of onset 1.041 0.008 0.354
GBA status 6.729 0.024 0.010*
Disease duration 3.199 0.074 0.075
Age of onset * GBA status 0.110 0.001 0.896
SCOPA-AUT Model 2.087 0.045 0.055
Age of onset 0.183 0.001 0.833
GBA status 0.008 0.0 0.928
Disease duration 12.111 0.044 <0.001
Age of onset * GBA status 0.001 0.0 0.999
LEDD Model 13.246 0.206 <0.001*
Age of onset 1.121 0.007 0.327
GBA status 0.087 0.0 0.768
Disease duration 43.386 0.124 <0.001*
Age of onset * GBA status 1.053 0.007 0.35

MoCA Montreal Cognitive Assessment. MDS-UPDRS Movement Disorder Society—Unified Parkinson’s
Disease Rating Scale. BDI Beck Depression Inventory. SCOPA-AUT Scales for Outcomes in Parkinson’s
Disease—Autonomic Dysfunction. LEDD levodopa equivalent daily dose. p-value (ANCOVA): val-
ues < 0.05 are marked with an asterisk (*)
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Age of onset also affected motor complications (MDS-
UPDRS part IV scores), which were worse in EOPD
(F=6.046; p=0.0013), and axial symptom scores, which
were highest in LOPD (F 5.084; p <0.001).

GBA1 status independently influenced non-motor symp-
toms and ADL motor disability (MDS-UPDRS parts I and
II scores), with GBA-PD patients consistently exhibiting
higher scores across all age-of-onset groups (F'=14.227;
p<0.001 and F=5.591; p=0.019, respectively). Similarly,
GBAI status significantly impacted depressive symptoms
(BDI-II scores), which were higher in GBA-PD patients
across all age-of-onset groups (F 6.729; p=0.010).

No significant differences related to age of onset or GBA
status were found for motor symptoms (MDS-UPDRS part
III), dysautonomic symptoms (SCOPA-AUT), and LEDD
(Table 3).

External cohort (PPMI) validation analysis

MoCA scores were evaluated in an external cohort including
346 PD patients, of whom 309 nonGBA-PD (89.3%) and 37
GBA-PD (10.7%).

Among GBA-PD patients, 43% were EOPD (16/37), 32%
IOPD (12/37), and 24% LOPD (9/37). Among nonGBA-PD
patients, 16% were EOPD (50/309), 36% 10PD (111/309),
and 48% LOPD (148/309). Clinical and demographic data of
the PPMI cohort are summarized in Supplementary Table 2.

In the PPMI cohort, age of onset significantly influenced
cognitive performances, with late-onset PD showing worse
cognitive performances (F=13.579, p<0.001). GBAI status
and its interaction with age of onset had no significant effect
on cognitive decline (Supplementary Table 3).

Discussion

This study examined a large cohort of over 300 genetically
characterized PD patients, including 80 GBA-PD individu-
als, divided into three groups based on age of onset, allow-
ing a comprehensive assessment of the interplay between
genetic status and age of onset on cognitive, motor, and other
non-motor outcomes.

To date, it is unknown whether an early age of onset in
PD carriers of GBAI variants is associated with a worse dis-
ease course or whether the younger age is protective against
cognitive decline, as observed in the general PD population
[1,17,33-35].

Using MoCA scores corrected for age and education in
a large cohort of patients with an average disease duration
of about 7 years, we observed that age of onset, as well as
GBAI status, did not significantly affect cognitive perfor-
mances, which was instead significantly driven by disease
duration. These results only reflect early to intermediate

disease stages and cannot predict cognitive trajectories in
later disease phases, where accelerated or non-linear cogni-
tive decline may occur.

Previous literature suggests that, for a comparable disease
duration, GBA-PD patients tend to exhibit worse cognitive
performance than nonGBA-PD patients. Although GBAI
carrier status was not a statistically significant determinant
of MoCA scores in our cohort (and in the PPMI one), a trend
towards lower values was observed in GBA-PD individu-
als. This finding should be interpreted with caution, as it
may reflect limited statistical power rather than true cogni-
tive equivalence between groups, especially considering the
cohort’s relatively young age and presumed higher cognitive
performance. The PPMI analysis supports our findings; how-
ever, disease duration in this cohort was also relatively short
[36]. In the PPMI patients, late PD onset was associated with
lower MoCA scores, whereas this effect was not observed
in our cohort. This discrepancy likely reflects demographic
variability, as our sample included fewer late-onset cases and
a narrower age range. Another finding of the study is that
early age of PD onset in GBA/ carriers is not associated with
greater cognitive impairment within the timeframe evaluated
in this study.

These results can be useful for decision-making in clini-
cal practice. This is especially relevant in light of mark-
edly worse motor and non-motor ADL burden observed in
GBA-PD patients, along with the more severe motor fluc-
tuations in the early-onset subgroup. Motor and functional
impairments represent the most clinically relevant drivers for
advanced PD therapies [12—15]. In this context, DBS may
represent an important opportunity to improve quality of life
in GBA-PD patients while cognition is still relatively pre-
served, despite the known increased long-term risk of cog-
nitive decline. Importantly, a recent large multicenter study
with long-term follow-up suggested that the faster cognitive
decline in GBA-PD undergoing DBS is comparable to that
observed in non-operated GBA-PD patients, supporting the
hypothesis that cognitive decline in GBA-PD undergoing
DBS is driven by the genotype itself rather than being exac-
erbated by DBS [37].

GBA-PD patients may have a greater therapeutic need for
DBS because of their heavier motor and non-motor ADL
burden and may derive substantial benefit during the years
in which they are not yet cognitively deteriorated. Such find-
ings are even more important when considering that GBA-
PD patients may have a greater therapeutic need for DBS
because of their heavier motor and non-motor ADL burden
and may derive substantial benefit during the years in which
they are not yet cognitively deteriorated [37].

The finding that dysautonomia severity was not influ-
enced by age of onset nor by GBA/ status partly contrasts
with existing literature. Indeed, a higher frequency and
severity of dysautonomic symptoms in GBA-PD has been
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previously reported [3, 11, 38]. One possible explanation
is that the use of SCOPA-AUT as a scale to assess dysau-
tonomic symptom severity in our study was not sensitive
enough to catch statistically significant differences between
groups with a relatively short disease duration. On the other
hand, a recent study using both clinical scales and objective
instrumental quantification of dysautonomia showed that
while GBA-PD patients reported more symptoms sugges-
tive of orthostatic hypotension, the degree of instrumentally
assessed cardiovascular autonomic dysfunction did not differ
between GBAI carriers and non-carriers [39]. Similarly, a
recent study reported that GBAI variants do not appear to
influence the progression of orthostatic hypotension in PD
[40].

Previous literature has highlighted differences between
EOPD and LOPD in the general PD population, with EOPD
associated with higher burden of motor fluctuations and dys-
kinesia [17, 18, 41-46], and LOPD associated with worse
axial symptoms, such as freezing of gait, postural instability,
and gait difficulties [17, 47-49]. Our study confirms these
findings both in nonGBA-PD and in GBA-PD patients,
showing that age of onset might have a stronger influence
than GBAI status on the phenotype of patients. This could
be explained by a different pathophysiological basis, with
faster progression of brain pathology in advanced age, con-
firmed by a slower disease progression in EOPD compared
to LOPD [50], and/or by different brain compensatory mech-
anisms based on the age of patients [51-54]. Moreover, co-
pathology with other neurodegenerative conditions (e.g.,
beta-amyloid deposition and phosphorylated tau brain accu-
mulation) was frequently observed in older patients [55].

Depression is highly prevalent in PD and is more severe
in EOPD [17, 31, 46, 56]. EOPD often face higher psycho-
social impact of the disease, with greater challenges related
to work, family dynamics, and stigmatization, which can
amplify the perception of lost independence and worsen
mood. Accordingly, we found higher severity of depressive
symptoms and non-motor and motor ADL scores in EOPD
nonGBA-PD. In contrast, GBA-PD patients showed consist-
ently higher depression and ADL burden, regardless of age
of onset. This finding aligns with previous studies showing
that GBAI carrier status exacerbates non-motor symptoms,
including depression [9, 11, 57]. Conversely, neither age of
onset nor GBAI status appeared to affect motor symptom
severity nor the required dose of dopaminergic therapy.

Despite its strengths, including the multicentric design,
the large sample size and the comprehensive evaluation of
patients, this study has limitations that need to be consid-
ered. These include the cross-sectional design, which pre-
cludes analysis of disease progression over time, and the
relatively limited disease duration of the included patients.
Additional limitations include the exclusive reliance on the
MoCA, which lacks sensitivity for detecting domain-specific
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cognitive impairment; the lack of detailed data on lifetime
levodopa exposure as well as the specific use of COMT or
MAO-B inhibitors, which precluded modeling the cumula-
tive pharmacological impact on motor and non-motor out-
comes; and the absence of stratification by specific GBAI
variants (prevented by the inadequate sample size to further
stratify patients).

Moreover, patients were consecutively enrolled among
those who agreed to undergo genetic testing, which could
have introduced a selection bias, as this option was likely
preferred by younger patients or by those with a family his-
tory of PD. In addition, the exclusion of patients receiv-
ing advanced therapies was aimed at reducing confounding
effects of device-aided interventions on motor and cogni-
tive outcomes but may have led to an underrepresentation
of more advanced or severe cases, thus potentially underes-
timating overall disease burden.

Finally, as data collection occurred across multiple
centers, information bias related to inter-site variability in
assessments cannot be entirely excluded. Finally, GBA-PD
and nonGBA-PD were not balanced for age-group distribu-
tion, and age cut-offs were arbitrarily defined.

These limitations notwithstanding, our findings, derived
from an original, multicentric cohort and the external PPMI
cohort, indicate that within the first 10 years following
diagnosis, cognition assessed by MoCA: (1) is significantly
determined by disease duration; (2) is not significantly wors-
ened by earlier age of onset even in GBA-PD patients; and
(3) is not substantially influenced by GBAI mutation carrier
status. At the same time, GBA-PD patients already exhibit a
heavier motor and functional burden, representing the most
immediate determinant for therapeutic planning and a clear
marker of unmet clinical needs.

The ability to customize therapeutic strategies based
on individual motor and non-motor profiles is essential to
improve patients’ quality of life. Future longitudinal stud-
ies with systematic recording of treatment trajectories and
cumulative levodopa load will be needed to clarify how
dopaminergic therapy interacts with age at onset and GBA
genotype in shaping disease progression. In addition, larger
longitudinal studies using comprehensive neuropsychologi-
cal batteries will be required to better define the long-term
cognitive phenotype associated with GBA [ variants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-026-13639-x.

Acknowledgements PPMI—a public—private partnership—is funded
by the Michael J. Fox Foundation for Parkinson’s Research and fund-
ing partners, including 4D Pharma, Abbvie, AcureX, Allergan, Ama-
thus Therapeutics, Aligning Science Across Parkinson’s, AskBio,
Avid Radiopharmaceuticals, BIAL, Biogen, Biohaven, BioLegend,
BlueRock Therapeutics, Bristol-Myers Squibb, Calico Labs, Celgene,
Cerevel Therapeutics, Coave Therapeutics, DaCapo Brainscience,
Denali, Edmond J. Safra Foundation, Eli Lilly, Gain Therapeutics, GE


https://doi.org/10.1007/s00415-026-13639-x

Journal of Neurology (2026) 273:111

Page9of11 111

HealthCare, Genentech, GSK, Golub Capital, Handl Therapeutics, Insi-
tro, Janssen Neuroscience, Lundbeck, Merck, Meso Scale Discovery,
Mission Therapeutics, Neurocrine Biosciences, Pfizer, Piramal, Prevail
Therapeutics, Roche, Sanofi, Servier, Sun Pharma Advanced Research
Company, Takeda, Teva, UCB, Vanqua Bio, Verily, Voyager Thera-
peutics, the Weston Family Foundation and Yumanity Therapeutics.

Author contributions Claudia Ledda: data curation; formal analysis;
writing—original draft. Silvia Gallo: data curation; formal analysis;
writing—original draft. Micol Avenali: data curation; writing—review
and editing. Carlo Alberto Artusi: conceptualization; formal analysis;
writing—review and editing. Gabriele Imbalzano: data curation; writ-
ing—review and editing. Francesca Donetto: data curation; writing—
review and editing. Elisa Montanaro: data curation; writing—review
and editing. Alberto Romagnolo: formal analysis; writing—review
and editing. Pierfrancesco Mitrotti: data curation; writing—review
and editing. Luca Gallo: data curation; writing—review and editing.
Rosa De Micco: project administration; supervision; writing—review
and editing. Valeria Sant’Elia: data curation; writing—review and
editing. Mattia Siciliano: data curation; writing—review and editing.
Alessandro Tessitore: funding acquisition; project administration; writ-
ing—review and editing. Giovanna Calandra-Buonaura: project admin-
istration; writing—review and editing. Giulia Giannini: data curation;
writing—review and editing. Luisa Sambati: data curation; writing
review and editing. Leonardo Lopiano: project administration; supervi-
sion; writing—review and editing. Enza Maria Valente: conceptualiza-
tion; funding acquisition; project administration; writing—review and
editing. Marco Bozzali: conceptualization; funding acquisition; project
administration; writing—review and editing; supervision.

Funding Open access funding provided by Universita degli Studi di
Torino within the CRUI-CARE Agreement. This research received
funding from the PNRR project (code PNRR-MAD-2022-12376496)
titled “Neurobiological fingerprinting of Parkinson’s disease to iden-
tify trajectories and personalised therapeutic targets from prodromal
to advanced disease stages: a clinical, genetic, biochemical and MRI
study”.

Declarations

Conflicts of interests All the authors declare that they have no conflicts
of interest relevant to this manuscript.

Ethical standard statement The Local Ethics Committee approved the
study in each center (protocol number 0044208), and all participants
provided written informed consent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Cilia R, Tunesi S, Marotta G et al (2016) Survival and dementia
in GBA-associated Parkinson’s disease: the mutation matters. Ann
Neurol 80(5):662—673. https://doi.org/10.1002/ana.24777

2. Menozzi E, Schapira AHV (2021) Exploring the genotype-phe-
notype correlation in GBA-Parkinson disease: clinical aspects,
biomarkers, and potential modifiers. Front Neurol 12:694764.
https://doi.org/10.3389/fneur.2021.694764

3. Petrucci S, Ginevrino M, Trezzi I et al (2020) GBA-related Par-
kinson’s disease: dissection of genotype-phenotype correlates in
a large Italian cohort. Mov Disord 35(11):2106-2111. https://doi.
org/10.1002/mds.28195

4. Smith L, Schapira AHV (2022) GBA variants and Parkinson dis-
ease: mechanisms and treatments. Cells 11(8):1261. https://doi.
org/10.3390/cells11081261

5. Sidransky E, Nalls MA, Aasly JO et al (2009) Multicenter analysis
of glucocerebrosidase mutations in Parkinson’s disease. N Engl J
Med 361:1651-1661. https://doi.org/10.1056/NEJMo0a0901281

6. Liu G, Boot B, Locascio JJ et al (2016) Specifically neuropathic
Gaucher’s mutations accelerate cognitive decline in Parkinson’s.
Ann Neurol 80:674—685. https://doi.org/10.1002/ana.24781

7. RenJ, Zhan X, Zhou H et al (2024) Comparing the effects of
GBA variants and onset age on clinical features and progression
in Parkinson’s disease. CNS Neurosci Ther 30(2):e14387. https://
doi.org/10.1111/cns.14387

8. LiQ, Jing Y, Lun P, Liu X, Sun P (2021) Association of gen-
der and age at onset with glucocerebrosidase associated Parkin-
son’s disease: a systematic review and meta-analysis. Neurol Sci
42(6):2261-2271. https://doi.org/10.1007/s10072-021-05230-1

9. Maple-Grgdem J, Dalen I, Tysnes OB et al (2021) Association
of GBA genotype with motor and functional decline in patients
with newly diagnosed Parkinson disease. Neurology 96(7):e1036—
e1044. https://doi.org/10.1212/WNL.0000000000011411

10. Pal G, Robertson E, O’Keefe J, Hall D (2015) The neuropsychi-
atric and motor profile of GBA-associated Parkinson’s disease: a
review. Mov Disord Clin Pract 3(1):4-8. https://doi.org/10.1002/
mdc3.12229

11. Brockmann K, Srulijjes K, Hauser AK et al (2011) GBA-associated
PD presents with nonmotor characteristics. Neurology 77(3):276—
280. https://doi.org/10.1212/WNL.0b013e318225ab77

12. Pal G, Mangone G, Hill EJ, Ouyang B et al (2022) Parkinson
disease and subthalamic nucleus deep brain stimulation: cognitive
effects in GBA mutation carriers. Ann Neurol 91(3):424-435.
https://doi.org/10.1002/ana.26302

13. Mangone G, Bekadar S, Cormier-Dequaire F et al (2020) Early
cognitive decline after bilateral subthalamic deep brain stimula-
tion in Parkinson’s disease patients with GBA mutations. Par-
kinsonism Relat Disord 76:56-62. https://doi.org/10.1016/j.parkr
eldis.2020.04.002

14. Avenali M, Zangaglia R, Cuconato G et al (2024) Are patients
with GBA-Parkinson disease good candidates for deep brain
stimulation? A longitudinal multicentric study on a large Italian
cohort. J Neurol Neurosurg Psychiatry 95(4):309-315. https://doi.
org/10.1136/jnnp-2023-332387

15. Artusi CA, Dwivedi AK, Romagnolo A et al (2019) Association of
sub- thalamic deep brain stimulation with motor, functional, and
pharmacologic outcomes in patients with monogenic Parkinson
disease: a systematic review and meta-analysis. JAMA Netw Open
2:e187800. https://doi.org/10.1001/jamanetworkopen.2018.7800

16. Forsaa EB, Larsen JP, Wentzel-Larsen T, Alves G (2010) What
predicts mortality in Parkinson disease?: a prospective population-
based long-term study. Neurology 75:1270-1276. https://doi.org/
10.1212/WNL.0b013e3181f61311

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ana.24777
https://doi.org/10.3389/fneur.2021.694764
https://doi.org/10.1002/mds.28195
https://doi.org/10.1002/mds.28195
https://doi.org/10.3390/cells11081261
https://doi.org/10.3390/cells11081261
https://doi.org/10.1056/NEJMoa0901281
https://doi.org/10.1002/ana.24781
https://doi.org/10.1111/cns.14387
https://doi.org/10.1111/cns.14387
https://doi.org/10.1007/s10072-021-05230-1
https://doi.org/10.1212/WNL.0000000000011411
https://doi.org/10.1002/mdc3.12229
https://doi.org/10.1002/mdc3.12229
https://doi.org/10.1212/WNL.0b013e318225ab77
https://doi.org/10.1002/ana.26302
https://doi.org/10.1016/j.parkreldis.2020.04.002
https://doi.org/10.1016/j.parkreldis.2020.04.002
https://doi.org/10.1136/jnnp-2023-332387
https://doi.org/10.1136/jnnp-2023-332387
https://doi.org/10.1001/jamanetworkopen.2018.7800
https://doi.org/10.1212/WNL.0b013e3181f61311
https://doi.org/10.1212/WNL.0b013e3181f61311

111

Page 10 of 11

Journal of Neurology (2026) 273:111

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Schrag A, Schott JM (2006) Epidemiological, clinical, and
genetic characteristics of early-onset parkinsonism. Lancet Neurol
5(4):355-363. https://doi.org/10.1016/S1474-4422(06)70411-2
Wickremaratchi MM, Ben-Shlomo Y, Morris HR (2009) The
effect of onset age on the clinical features of Parkinson’s disease.
Eur J Neurol 16(4):450-456. https://doi.org/10.1111/j.1468-1331.
2008.02514.x

Pagano G, Ferrara N, Brooks DJ, Pavese N (2016) Age at onset
and Parkinson disease phenotype. Neurology 86(15):1400-1407.
https://doi.org/10.1212/WNL.000000000000246 1

von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Van-
denbroucke JP (2007) The strengthening the reporting of obser-
vational studies in epidemiology (STROBE) statement: guidelines
for reporting observational studies. Lancet 370(9596):1453-1457.
https://doi.org/10.1016/S0140-6736(07)61602-X

Cuconato G, Palmieri I, Percetti M et al (2025) LONG-NEXT: a
new accurate and efficient NGS-based method for GBA1 analysis
in Parkinson disease. Parkinsonism Relat Disord. https://doi.org/
10.1016/j.parkreldis.2025.107780

Postuma RB, Berg D, Stern M et al (2015) MDS clinical diag-
nostic criteria for Parkinson’s disease. Mov Disord 30(12):1591-
1601. https://doi.org/10.1002/mds.26424

Jost ST, Kaldenbach MA, Antonini A et al (2023) Levodopa dose
equivalency in Parkinson’s disease: updated systematic review and
proposals. Mov Disord 38(7):1236—1252. https://doi.org/10.1002/
mds.29410

Goetz CG, Tilley BC, Shaftman SR et al (2008) Movement disor-
der society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS): scale presentation and clinimetric
testing results. Mov Disord 23(15):2129-2170. https://doi.org/10.
1002/mds.22340

Imbalzano G, Rinaldi D, Calandra-Buonaura G et al (2023) How
resistant are levodopa-resistant axial symptoms? Response of
freezing, posture, and voice to increasing levodopa intestinal
infusion rates in Parkinson disease. Eur J Neurol 30(1):96-106.
https://doi.org/10.1111/ene.15558

Nasreddine ZS, Phillips NA, Bédirian V et al (2019) The Mon-
treal cognitive assessment, MoCA: a brief screening tool for mild
cognitive impairment. J Am Geriatr Soc 67(9):1991. https://doi.
org/10.1111/jgs.15925

Visser M, Marinus J, Stiggelbout AM, Van Hilten JJ (2004)
Assessment of autonomic dysfunction in Parkinson’s disease: the
SCOPA-AUT. Mov Disord 19(11):1306-1312. https://doi.org/10.
1002/mds.20153

Beck AT, Steer RA, Brown GK (1996) BDI-II: beck depression
inventory manual, 2nd edn. Psychological Corporation, San
Antonio

Mehanna R, Smilowska K, Fleisher J et al (2022) Age cutoff
for early-onset Parkinson’s disease: recommendations from the
International Parkinson and Movement Disorder Society Task
Force on Early Onset Parkinson’s Disease. Mov Disord Clin Pract
9(7):869-878. https://doi.org/10.1002/mdc3.13523
Dalrymple-Alford JC, MacAskill MR, Nakas CT et al (2010) The
MoCA: well-suited screen for cognitive impairment in Parkinson
disease. Neurology 75(19):1717-1725. https://doi.org/10.1212/
WNL.0b013e3181£c29¢9

Aiello EN, Gramegna C, Esposito A et al (2022) The Montreal
Cognitive Assessment (MoCA): updated norms and psychometric
insights into adaptive testing from healthy individuals in Northern
Italy. Aging Clin Exp Res 34(2):375-382. https://doi.org/10.1007/
s40520-021-01943-7

Data used in the preparation of this article were obtained [on
12/20/2024] from the Parkinson’s Progression Markers Initiative
(PPMI) database (www.ppmi-info.org/access-data-specimens/

Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

download-data), RRID:SCR_006431. For up-to-date information
on the study, visit www.ppmi-info.org

Giladi N, Treves TA, Paleacu D et al (2000) Risk factors for
dementia, depression and psychosis in long-standing Parkinson’s
disease. J Neural Transm 107(1):59-71. https://doi.org/10.1007/
5007020050005

Schrag A, Ben-Shlomo Y, Brown R, Marsden CD, Quinn N (1998)
Young-onset Parkinson’s disease revisited--clinical features, natu-
ral history, and mortality. Mov Disord 13(6):885-894. https://doi.
org/10.1002/mds.870130605

Alcalay RN, Caccappolo E, Mejia-Santana H et al (2012) Cogni-
tive performance of GBA mutation carriers with early-onset PD:
the CORE-PD study. Neurology 78(18):1434—1440. https://doi.
org/10.1212/WNL.0b013e318253d54b

Gallagher J, Gochanour C, Caspell-Garcia C, Parkinson’s Progres-
sion Markers Initiative et al (2024) Long-term dementia risk in
Parkinson disease. Neurology 103(5):¢209699. https://doi.org/10.
1212/WNL.0000000000209699

Avenali M, Artusi CA, Cilia R et al (2025) Long-term motor
and cognitive outcome of deep brain stimulation in patients with
Parkinson disease with a GBA1 pathogenic variant. Neurology
105(9):e214036. https://doi.org/10.1212/WNL.0000000000
214036

Devigili G, Straccia G, Cereda E et al (2023) Unraveling auto-
nomic dysfunction in GBA-related Parkinson’s disease. Mov Dis-
ord Clin Pract 10(11):1620-1638. https://doi.org/10.1002/mdc3.
13892

Giannini G, Minardi R, Barletta G et al (2024) The degree of
cardiovascular autonomic dysfunction is not different in GBA-
related and idiopathic Parkinson’s disease patients: a case-control
instrumental evaluation. J Parkinsons Dis 14(2):335-346. https://
doi.org/10.3233/JPD-230334

Liu W, Han Y, Liu Y et al (2025) Impact of LRRK2 and GBA
variants on orthostatic hypotension in patients with Parkin-
son’s disease. J Neurol 272(5):369. https://doi.org/10.1007/
s00415-025-13086-0

Kostic V, Przedborski S, Flaster E, Sternic N (1991) Early devel-
opment of levodopa-induced dyskinesias and response fluctua-
tions in young-onset Parkinson’s disease. Neurology 41(2 ( Pt
1)):202-205. https://doi.org/10.1212/wnl.41.2_part_1.202

Ku S, Glass GA (2010) Age of Parkinson’s disease onset as a pre-
dictor for the development of dyskinesia. Mov Disord 25(9):1177—
1182. https://doi.org/10.1002/mds.23068

Raket LL, Oudin Astrom D, Norlin JM, Kellerborg K, Martinez-
Martin P, Odin P (2022) Impact of age at onset on symptom pro-
files, treatment characteristics and health-related quality of life in
Parkinson’s disease. Sci Rep 12(1):526. https://doi.org/10.1038/
$41598-021-04356-8

Hauser RA, McDermott MP, Messing S (2006) Factors associated
with the development of motor fluctuations and dyskinesias in
Parkinson disease. Arch Neurol 63(12):1756-1760. https://doi.
org/10.1001/archneur.63.12.1756

Wickremaratchi MM, Knipe MD, Sastry BS et al (2011) The
motor phenotype of Parkinson’s disease in relation to age at onset.
Mov Disord 26(3):457—-463. https://doi.org/10.1002/mds.23469
Schrag A, Hovris A, Morley D, Quinn N, Jahanshahi M (2003)
Young- versus older-onset Parkinson’s disease: impact of disease
and psychosocial consequences. Mov Disord 18(11):1250-1256.
https://doi.org/10.1002/mds.10527

Williams DR, Watt HC, Lees AJ (2006) Predictors of falls and
fractures in bradykinetic rigid syndromes: a retrospective study. J
Neurol Neurosurg Psychiatry 77(4):468-473. https://doi.org/10.
1136/jnnp.2005.074070

Artusi CA, Geroin C, Nonnekes J et al (2023) Predictors and
pathophysiology of axial postural abnormalities in Parkinsonism:


https://doi.org/10.1016/S1474-4422(06)70411-2
https://doi.org/10.1111/j.1468-1331.2008.02514.x
https://doi.org/10.1111/j.1468-1331.2008.02514.x
https://doi.org/10.1212/WNL.0000000000002461
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.1016/j.parkreldis.2025.107780
https://doi.org/10.1016/j.parkreldis.2025.107780
https://doi.org/10.1002/mds.26424
https://doi.org/10.1002/mds.29410
https://doi.org/10.1002/mds.29410
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.22340
https://doi.org/10.1111/ene.15558
https://doi.org/10.1111/jgs.15925
https://doi.org/10.1111/jgs.15925
https://doi.org/10.1002/mds.20153
https://doi.org/10.1002/mds.20153
https://doi.org/10.1002/mdc3.13523
https://doi.org/10.1212/WNL.0b013e3181fc29c9
https://doi.org/10.1212/WNL.0b013e3181fc29c9
https://doi.org/10.1007/s40520-021-01943-7
https://doi.org/10.1007/s40520-021-01943-7
http://www.ppmi-info.org/access-data-specimens/download-data
http://www.ppmi-info.org/access-data-specimens/download-data
http://www.ppmi-info.org
https://doi.org/10.1007/s007020050005
https://doi.org/10.1007/s007020050005
https://doi.org/10.1002/mds.870130605
https://doi.org/10.1002/mds.870130605
https://doi.org/10.1212/WNL.0b013e318253d54b
https://doi.org/10.1212/WNL.0b013e318253d54b
https://doi.org/10.1212/WNL.0000000000209699
https://doi.org/10.1212/WNL.0000000000209699
https://doi.org/10.1212/WNL.0000000000214036
https://doi.org/10.1212/WNL.0000000000214036
https://doi.org/10.1002/mdc3.13892
https://doi.org/10.1002/mdc3.13892
https://doi.org/10.3233/JPD-230334
https://doi.org/10.3233/JPD-230334
https://doi.org/10.1007/s00415-025-13086-0
https://doi.org/10.1007/s00415-025-13086-0
https://doi.org/10.1212/wnl.41.2_part_1.202
https://doi.org/10.1002/mds.23068
https://doi.org/10.1038/s41598-021-04356-8
https://doi.org/10.1038/s41598-021-04356-8
https://doi.org/10.1001/archneur.63.12.1756
https://doi.org/10.1001/archneur.63.12.1756
https://doi.org/10.1002/mds.23469
https://doi.org/10.1002/mds.10527
https://doi.org/10.1136/jnnp.2005.074070
https://doi.org/10.1136/jnnp.2005.074070

Journal of Neurology (2026) 273:111

Page110of 11 111

49.

50.

51.

52.

53.

a scoping review. Mov Disord Clin Pract 10(11):1585-1596.
https://doi.org/10.1002/mdc3.13879

Diederich NJ, Moore CG, Leurgans SE, Chmura TA, Goetz CG
(2003) Parkinson disease with old-age onset: a comparative study
with subjects with middle-age onset. Arch Neurol 60(4):529-533.
https://doi.org/10.1001/archneur.60.4.529

Kempster PA, O’Sullivan SS, Holton JL, Revesz T, Lees AJ
(2010) Relationships between age and late progression of Parkin-
son’s disease: a clinico-pathological study. Brain 133(6):1755—
1762. https://doi.org/10.1093/brain/awq059

Blin J, Dubois B, Bonnet AM, Vidailhet M, Brandabur M, Agid
Y (1991) Does ageing aggravate parkinsonian disability? J Neu-
rol Neurosurg Psychiatry 54(9):780-782. https://doi.org/10.1136/
jnnp.54.9.780

Linazasoro G (2006) Cell therapy for Parkinson’s disease: only
young onset patients allowed? Reflections about the results of
recent clinical trials with cell therapy and the progression of Par-
kinson’s disease. Cell Transplant 15(6):463—-473. https://doi.org/
10.3727/000000006783981792

Klepac N, Habek M, Adamec I, Barusi¢ AK, Bach I, Margeti¢
E, Lusi¢ I (2013) An update on the management of young-onset

54.

55.

56.

57.

Parkinson’s disease. Degener Neurol Neuromuscul Dis 2:53-62.
https://doi.org/10.2147/DNND.S34251

Caminiti SP, Carli G, Avenali M, Blandini F, Perani D (2022)
Clinical and dopamine transporter imaging trajectories in a cohort
of Parkinson’s disease patients with GBA mutations. Mov Disord
37(1):106-118. https://doi.org/10.1002/mds.28818

Robinson JL, Lee EB, Xie SX et al (2018) Neurodegenerative
disease concomitant proteinopathies are prevalent, age-related and
APOE4-associated. Brain 141(7):2181-2193. https://doi.org/10.
1093/brain/awy 146

Calne SM, Lidstone SC, Kumar A (2008) Psychosocial issues
in young-onset Parkinson’s disease: current research and chal-
lenges. Parkinsonism Relat Disord 14(2):143-150. https://doi.org/
10.1016/j.parkreldis.2007.07.012

Swan M, Doan N, Ortega RA et al (2016) Neuropsychiatric char-
acteristics of GBA-associated Parkinson disease. J Neurol Sci
370:63-69. https://doi.org/10.1016/j.jns.2016.08.059

@ Springer


https://doi.org/10.1002/mdc3.13879
https://doi.org/10.1001/archneur.60.4.529
https://doi.org/10.1093/brain/awq059
https://doi.org/10.1136/jnnp.54.9.780
https://doi.org/10.1136/jnnp.54.9.780
https://doi.org/10.3727/000000006783981792
https://doi.org/10.3727/000000006783981792
https://doi.org/10.2147/DNND.S34251
https://doi.org/10.1002/mds.28818
https://doi.org/10.1093/brain/awy146
https://doi.org/10.1093/brain/awy146
https://doi.org/10.1016/j.parkreldis.2007.07.012
https://doi.org/10.1016/j.parkreldis.2007.07.012
https://doi.org/10.1016/j.jns.2016.08.059

	The interplay between GBA1 status and age of onset on cognitive, motor and non-motor outcomes in Parkinson’s disease: multicenter cross-sectional study
	Abstract
	Background and objectives 
	Methods 
	Results 
	Discussion 

	Introduction
	Methods
	Standard protocol approvals, registrations, and patient consents
	Outcome measures
	Statistical analysis
	Data availability

	Results
	GBA-PD and nonGBA-PD patients
	The role of age of onset and GBA1 status
	External cohort (PPMI) validation analysis

	Discussion
	Acknowledgements 
	References




