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Modelling cholinergic and dopaminergic
function over time in Parkinson’s disease
with and without GBA1 variants
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Sofie Slingerland1,7 , Eline K. R. de Meyer2,3,7, Harm J. van der Horn1, Giulia Carli2,4, Anne C. Slomp1,5,
Emile d’Angremont6, Jeffrey M. Boertien1, Ingeborg Goethals3, Sanne K. Meles1,2, Sygrid van der Zee1,5 &
Teus van Laar1

Parkinson’s Disease (PD) patients carrying GBA1-variants (GBA-PD) often show a faster cognitive
decline, suggesting accelerated cholinergic degeneration. This study investigated changes over
time in whole-brain cholinergic innervation within the context of dopaminergic changes and clinical
outcomes in GBA-PD versus non-GBA-PD. 171 PD participants (44 GBA-PD, 127 non-GBA-PD)
underwent clinical and neuropsychological assessments, brain MRI, 18F-fluoroethoxy-
benzovesamicol (18F-FEOBV) PET (cholinergic) and 3,4-dihydroxy-6-18F-fluoro-I-phenylalanine
(18F-FDOPA) PET (dopaminergic) imaging. GBA-PD participants showed worse executive
functioning than non-GBA-PD. Voxel-wise linear mixed-effects models showed that GBA-PD
exhibited lower 18F-FEOBV binding in the right precentral and middle frontal gyrus, independent of
age and sex, despite similar cholinergic decline over time. NoGBA1-related differenceswere found
in dopaminergic signal or its progression. Age and time since diagnosis were associated with
progressive cholinergic and dopaminergic denervation in all patients. This first dual-tracer
longitudinal PET study highlights early cholinergic involvement in GBA-PD and supports further
evaluation of 18F-FEOBV PET as biomarker.

Heterozygous variants in theGBA1-gene, which is responsible for encoding
the lysosomal enzyme glucocerebrosidase, represent the most prevalent
genetic risk factor for Parkinson’s disease (PD)1,2. PD patients carrying
GBA1-variants (GBA-PD) typically experience a more aggressive disease
progression compared to those without such variants (non-GBA-PD) and
suffer from worse motor impairment and more non-motor symptoms,
including cognitive decline, neuropsychiatric symptoms and autonomic
dysfunction3–6.

Degeneration of the cholinergic system is related to cognitive decline in
PD and dementia with Lewy bodies7–9. GBA-PD is characterized by a faster
and more severe cognitive impairment compared to sporadic PD, sug-
gesting adistinct role for the cholinergic system inGBA1variant carriers10–12.
[18F]Fluoroethoxybenzovesamicol (18F-FEOBV) PET is a highly selective
marker of in vivo cerebral cholinergic presynaptic terminal integrity,

binding to the vesicular acetylcholine transporter13–15. In our previous cross-
sectional study, we showed that in a cohort of de novo PD patients com-
pared to controls, GBA-PD exhibited more extensive cholinergic degen-
eration in posterior regions compared to non-GBA-PD patients, despite
having similar clinical characteristics at the time of diagnosis16. How these
cholinergic changes progress over time between GBA and non-GBA PD is
still unknown, which is one of the topics of this paper.

Moreover, cholinergic system changes should be examined within a
broaderpathophysiological context, particularly in relation todopaminergic
degeneration12. Although cholinergic degeneration plays a key role in cog-
nitive decline, the more aggressive overall disease course in GBA-PD also
raises the possibility of distinct dopaminergic involvement. However, pre-
vious neuroimaging studies reported inconsistentfindings ondopaminergic
differences between GBA-PD and non-GBA-PD, ranging from more
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pronounced reductions to similar or even paradoxically increased dopa-
minergic signal17. There is a lack of data based on simultaneously assessed
cholinergic and dopaminergic changes in GBA-PD and their association
with clinical phenotypes17. This study used 3,4-dihydroxy-6-18F-fluoro-I-
phenylalanine (18F-FDOPA) PET to quantify dopaminergic striatal pre-
synaptic integrity in vivo18.

In the present study, we examined the effect ofGBA1 carrier status on
the progression of clinical features, related to cholinergic as well as dopa-
minergic innervation changes in PD. We hypothesized that the GBA-PD
phenotype is primarily driven by cholinergic more than dopaminergic
decline.

Results
Demographic and clinical characteristics
In total, 170 PD patients (of which 118 de novo; 124male), with amean age
of 65.2 ± 8.7 years were included in the 18F-FEOBV analysis. See Supple-
mentary Table 1 for an overview of all included patients. Demographic and
clinical data of GBA-PD (n = 44) and non-GBA-PD (n = 126) subjects are
presented in Table 1 and Fig. 1. See Supplementary Table 2 for the corre-
sponding fixed effects from the linear mixed-model. The GBA-PD group
had a significantly longer time since diagnosis than the non-GBA-PDgroup
(4.5 ± 1.7 vs. 3.2 ± 1.9 years). GBA-PD patients performed significantly
worse on the cognitive domain ‘executive function’ compared to non-GBA-
PD. Over time, significant increases were found for the MDS-UPDRS III

total score, NMS-Quest total score (which means more non-motor symp-
toms over time) and T-scores of the memory domain, irrespective ofGBA1
carriers status. Lastly, there was a significant interaction between GBA1
status and time,whereGBA-PDhada faster progressionofHoehnandYahr
scores compared to non-GBA-PD over time.

In total, 135 PD patients (of which 120 de novo PD; 100 male) were
included in the 18F-FDOPA analysis, with a mean age of 64.9 ± 9.1 years.
Only the non-GBA-PD patients belonging to the DUPARC cohort had
18F-FDOPA imaging at BL and follow-up. TheGBA-PD group (n = 26) had
a significantly longer time since diagnosis than non-GBA-PD (n = 109).
Over time, a significant increase inMDS-UPDRS III total score, increase in
NMS-Quest total score, andHADSdepression score andRBD-Q total score
was found, irrespective of GBA1 status. A significant interaction between
GBA1 status and time was found for the MDS-UPDRS III, in which GBA-
PD had a faster increase in motor symptoms compared to non-GBA-PD.
See Table 2, Supplementary Fig. 1 and Supplementary Table 3. See Sup-
plementary Table 4 for the corresponding fixed effects from the linear
mixed-model for the clinical data of patients included in the 18F-FDOPA
analysis.

Cholinergic innervation changes over time
The 18F-FEOBV imaging showed a significant main effect in a cluster at the
right precentral and middle frontal gyrus, with lower binding in patients
with GBA1 relative to non-GBA (3640 μL), (see Fig. 2A). In a post-hoc

Table 1 | Demographic and clinical characteristics of study participants included in 18F-FEOBV analysis

GBA-PD, (n = 44) non-GBA-PD, (n = 126) P-value Group P-value Time P-value Group x Time

Demographics

Age, years (mean (SD)) 68.27 (8.1) 66.61 (9.0) 0.260

Age at disease onset, y 63.75 (8.3) 63.59 (9.3) 0.912

Gender, male n (%male) 27 (61.4%) 96 (77.0%) 0.065

Educational level [median, Q1–Q3] 5.00 [4.25-6.00] 5.00 [4.00-6.00] 0.574

Anticholinergic drug use, n (%) 5 (11.4%) 3 (2.4%) 0.080

Time since diagnosis, y 4.47 (1.7) 3.18 (1.9) <0.001

Clinical characteristics

Motor symptoms

MDS-UPDRS-III 30.84 (12.7) 30.07 (10.6)a 0.671 0.001 0.061

Hoehn and Yahr stage 2.00 [2.00–2.00] 2.00 [2.00–2.00] 0.445 0.528 0.044

Non-motor symptoms

MoCA, total score 26.00 [23.00–27.00] 26.00 [24.00–27.75] 0.472 0.366 0.770

NMS-Quest, total score 8.00 [5.00–12.00]b 5.00 [3.00–9.00]c 0.915 0.007 0.295

HADS anxiety, total score 4.00 [2.00–7.00]d 4.00 [2.00–6.00]e 0.473 0.059 0.066

HADS depression, total score 4.00 [2.00–6.00]d 3.00 [1.00–6.00]e 0.707 0.206 0.363

RBD Quest, total score 6.00 [2.50–8.50]a 3.00 [2.00–6.00]f 0.449 0.017 0.572

Cognitive performance

T-score memory 45.81 (7.9) 47.12 (7.0) 0.806 0.006 0.187

T-score attention 39.46 (9.4) 43.03 (7.5)a 0.521 0.413 0.113

T-score executive function 42.42 (9.8) 46.69 (8.2) 0.041 0.646 0.746

T-score language 46.17 (10.1)a 50.22 (8.9)d 0.177 0.921 0.967

T-score visuospatial function 43.68 (13.2) 45.81 (11.7)e 0.923 0.802 0.549

For participants with data at two time points, baseline assessments were used to present the clinical data of GBA-PD and non-GBA-PD.
Educational level according to the Dutch Verhage scale, HADS Anxiety and Depression Scale,MDS-UPDRS IIIMovement Disorders Society Unified Parkinson’s Disease Rating Scale part III, MoCA
Montreal Cognitive Assessment, NMS-Quest Non-Motor Symptoms Questionnaire, RBD Quest NMS-REM Sleep Behavior Disorder Screening Questionnaire.
aMissing = 1.
bMissing n = 3.
cMissing n = 25.
dMissing n = 5.
eMissing n = 4.
fMissing n = 2.
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analysis, we fitted a linear mixed-effects model with mean 18F-FEOBV
uptake in this cluster as thedependent variable and time sincediagnosis, age,
sex, and a random intercept for subject as predictor, thus excluding the
group effect from the analysis. This resulted in a lower mean and reduced
variance for GBA-PD compared to non-GBA-PD. These findings confirm

that this cluster shows an effect of GBA status on 18F-FEOBV uptake, which
cannot be explained by time since diagnosis, age or gender. (see Fig. 2B).
Exploratory analyses examining the relationship betweenmean 18F-FEOBV
DVR value in this cluster and cognitive performance are reported in Sup-
plementary Fig. 2, showing a significant positive relationships with the
T-scores of all cognitive domains, corrected for age and gender.

A cluster of widespread cholinergic denervation (lower binding over
time) of cortical, subcortical, and limbic regions was observed for the main
effect of time sincediagnosis (1,099,440 μL).The largestFvalueswere found in
posterior regions, including the bilateral (pre)cuneus, insula, posterior cin-
gulate, transverse temporal gyrus, superior temporal gyrus, pre- and post-
central gyrus, and the lateral posterior nucleus of the thalamus (see Fig. 3A).
No clusters were identified for the Group x Time interaction. This indicates
that across all timepoints, GBA-PD had consistently lower 18F-FEOBV
binding in areas of the frontal cortex, but not a faster rate of decline. A plot
visualized the progression of 18F-FEOBV binding in the significant cluster
between baseline and follow-up in our de novo cohort (Fig. 3B).

A significant widespread cluster of cholinergic cortical and subcortical
denervation was associated with the effect of age (1,273,448 μL). In contrast
to the effect of time, the most robust F-values for age were observed in
anterior regions, including the anterior cingulate, insula, and precentral
gyrus, parahippocampal gyrus, pons, caudate and medial dorsal thalamus
(Fig. 4A). Highermean 18F-FEOBVuptake foundwithin the age clusterwas

Fig. 1 | Trajectories of clinical data over time of Parkinson’s disease participants
with a GBA1 variant (GBA-PD, n= 44) and Parkinson’s disease participants
without a GBA1 variant (non-GBA-PD, n= 126) including in 18F-FEOBV ana-
lysis. For each variable, the figure shows mean scores over time since diagnosis

(years) for the two groups (red =GBA-PD, blue = non-GBA-PD). Thin lines connect
the mean points, and shaded areas show 95% confidence intervals from linear
regression models fitted to the raw data.

Table 2 | Demographic and clinical characteristics of study
participants included in 18F-FDOPA analysis

GBA-PD,
(n = 26)

Non-GBA-PD,
(n = 109)

P value
Group

Demographics

Age, years (mean(SD)) 66.42 (9.8) 64.57 (8.9) 0.385

Age at disease onset, years 64.20 (9.5) 64.57 (8.9) 0.859

Gender, male n (%male) 18 (69.2%) 82 (75.2%) 0.557

Educational level [median,Q1-Q3] 5.00
[4.00-6.00]

5.00 [4.00-6.00] 0.793

Anticholinergic drug use, n (%) 3 (11.5%) 0 (0.0%) 0.083

Time since diagnosis, years 2.22 (2.73) 0.11 (0.057) <0.001

For participants with data at two time points, baseline assessments were used to present the
demographic data of GBA-PD and non-GBA-PD.
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associated with younger age (see Supplementary Fig. 3). A significant main
effect of sex was found. In this cluster (850,280 μL), males showed diffusely
lower cholinergic binding compared to females. The largest sex-related
F-values were observed in subcortical regions, including the bilateral len-
tiform nucleus, caudate, parahippocampal gyrus, and insula (see Fig. 4B).

Dopaminergic innervation changes over time
There was a significant main effect of time (decrease) within a cluster in the
bilateral striatum (32,216 μL) (see Figs. 5A and 6). Conversely, a clusterwith
significant increase in 18F-FDOPA uptake was found in the cerebellum
(11,672 μL) (see Fig. 5A and Supplementary Fig. 4).

Fig. 2 | Results from the linear mixed model comparing Parkinson’s disease with
a GBA1 variant (GBA-PD) to Parkinson’s disease without a GBA1 variant (non-
GBA-PD. Left (A): Voxel-wise results from the linear mixed model comparing
Parkinson’s disease with aGBA1 variant (GBA-PD) to Parkinson’s disease without a
GBA1 variant (non-GBA-PD). A significant main group effect was observed,
showing a cluster of reduced ¹⁸F-FEOBV binding in the right precentral and middle

frontal gyri in the GBA-PD group. Right (B): Boxplot of the residuals from a linear
mixed-effects model for mean ¹⁸F-FEOBV uptake in this cluster with time since
diagnosis, age, sex, and a random intercept for subject-level as a predictor.CGroup-
level trajectories of mean ¹⁸F-FEOBV uptake in this cluster across time. The line plot
shows mean values (± standard error) for each group at different time points.

Fig. 3 | 18F-FEOBV results from the linearmixedmodel for the effect of Time. Left
(A): Voxel-wise results from the linearmixedmodel showing a widespread significant
cluster of decreased ¹⁸F-FEOBV binding over time. Right (B): Mean ¹⁸F-FEOBV

Distribution Volume Ratio (DVR) within this time-sensitive cluster at baseline and
follow-up in participants whowere de novo at baseline and had both an assessment at
baseline and after three years, illustrating longitudinal decline in cholinergic binding.
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No significant differences in 18F-FDOPA uptake distribution were
observed between GBA-PD or non-GBA-PD. In addition, there were no
significant clusters identified for the Group x Time interaction.

Ten clusters were found where age had a significant effect on
18F-FDOPA signal. Older age was significantly associated with reduced

18F-FDOPA uptake across various cerebral regions (with a total cluster
volume of 180,064 μL) (see Fig. 5B). The most robust age-related declines
wereobserved in thebilateral insula/operculum. Substantial reductionswere
also evident in subcortical structures, including the bilateral caudate and
thalamus. Cortical areas, predominantly within the prefrontal cortex and

Fig. 4 | 18F-FEOBV voxel-wise results from the
linear mixed model for the effect of Age and Sex.
Voxel-wise results from the linear mixed model
showing a significant cluster of ¹⁸F-FEOBV binding
associated with the effect of age (A) and a separate
significant cluster associated with the effect of sex
(B). A Within the age-related cluster, lower mean
¹⁸F-FEOBV uptake was associated with older age.
BWithin the sex-related cluster, males exhibited
diffusely lower cholinergic binding compared to
females.

Fig. 5 | 18F-FDOPA voxel-wise results from the
linearmixedmodel for the effect of Time andAge.
Voxel-wise results from the linear mixed model
showing significant clusters of ¹⁸F-FDOPA binding
associated with the effect of time (A), and separate
significant clusters associated with the effect of age
(B). Red–yellow colors represent F-values corre-
sponding to decreases in ¹⁸F-FDOPA uptake
(negative direction), while blue–green colors repre-
sent F-values corresponding to increases in uptake
(positive direction).

Fig. 6 |Mean 18F-FDOPAStandardUptakeValues (SUVR) in the striatum atBaseline andFollow-up.Mean 18F-FDOPAStandardUptakeValues (SUVR) in the striatum
at Baseline and Follow-up in participants who were de novo at baseline and had both an assessment at baseline and after 3 years.
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cingulate cortex, also demonstrated this negative association. Additionally,
smaller clusters in lateral frontal, parietal and temporal regions exhibited
similar age-related decreases in 18F-FDOPA uptake. In contrast, older age
was also associated with increased 18F-FDOPA uptake in a cluster in the
cerebellum (6576 μL). A more detailed overview of the significant clusters,
and their relationship to age, can be found in the Supplementary Materials
see Supplementary Fig. 5, SupplementaryTable 5 and Supplementary Fig. 6.

Therewas no significant effect of sex on 18F-FDOPAbrain distribution.

Sensitivity analyses
The 104 de novo PD patients with a follow-up assessment (79 male) had a
mean age of 64.5 ± 9.5 years at baseline. Demographic and clinical data of
GBA-PD (n= 14), non-GBA-PD (n= 90) of subjects included in 18F-FEOBV
analysis are presented in Supplementary Table 6. We did not find any dif-
ferences in demographic -,motor -, non-motor - and cognitive characteristics
at both baseline and FU3 between GBA-PD and non-GBA-PD. In addition,
no significant difference in ΔT-scores of the cognitive domains were found
betweenGBA-PDandnon-GBA-PD.Atbaseline fourpatients (28.6%)andat
FU3 five patients (35.7%) were characterized as MCI in the GBA-PD group
(p = 0.164), compared to, respectively, 40 (44.4%) and 41 (45.6%) in the non-
GBA-PD group (p = 0.516). Within group comparisons revealed no statisti-
cally significant difference in T-scores between baseline and FU3 in both
GBA-PD and non-GBA-PD. In this subsample, the voxel-wise analyses
revealedno significant clusters for the effect ofGroup ineither the 18F-FEOBV
or 18F-FDOPA models. Consistent with the main analysis including all
cohorts, no significant clusters were observed for the Group × Time inter-
action. The effect of Time was similar to that observed in the full sample.
Results of the sensitivity analyses of the voxel-wise linear mixed model for
18F-FEOBV PET and 18F-FDOPA PET are shown in Supplementary Fig. 7.

Discussion
We studied the progression of clinical features, aswell as the cholinergic and
dopaminergic changes in GBA-PD compared to non-GBA-PD. To the best
of our knowledge, this is the first longitudinal dual neurotransmitter change
description in GBA-PD patients.

GBA-PD exhibited poorer executive functioning compared to non-
GBA-PD.However, no differences in cognitive deterioration were observed
between GBA-PD and non-GBA-PD in our cohort with PD patients. This
finding aligns with previous studies that assessed cognitive changes over a
longer timeperiod, showing that the rate of decline ofGBA-PDcompared to
non-GBA PD started to differ approximately 3 years post- diagnosis3,6,19.

The voxel-wise linearmixedmodel with 18F-FEOBV uptake revealed a
modest significant lower cholinergic innervation in GBA-PD at the right
precentral gyrus and in the middle frontal gyrus. Previous studies have
linked cortical cholinergic denervation to cognitive impairment in PD20–22.
In addition, another study demonstrated that early frontal cholinergic
denervation is associated with cognitive decline in PD7. This corresponds to
our finding that GBA-PD performed worse on executive functioning
compared to non-GBA-PD.

We did not find significant differences in cognitive characteristics
between GBA-PD and non-GBA-PD patients of patients included in the
18F-FDOPA analyses. In addition, 18F-FDOPA PET evaluation demon-
strated no significant regions with higher or lower striatal dopaminergic
binding, comparing GBA-PD to non-GBA-PD, which is consistent with
other studies18,23,24. Early executive dysfunction is also related to dopami-
nergic modulation of the frontal-striatal system, whereas reduced
18F-FDOPA uptake in the caudate nucleus and frontal cortex is associated
with impairment in workingmemory and attentional functioning25.We did
not observe such associations in our cohort. In contrast, a previous study also
using 18F-FDOPAPET reportedmore pronounced dopaminergic deficits in
GBA-PD at the bilateral caudate nuclei, the ipsilateral antero-medial puta-
men, and nucleus accumbens, contralateral to the more affected body side.
Notably, the GBA-PD group in that study also showed worse global cog-
nitive performances compared to non-GBA-PD, which may explain the

discrepancy26. Another study examined the progression of dopamine
transporter (DAT) levels in early GBA-PD patients and found lower DAT
levels in the ventral striatum along with more severe cognitive symptoms.
Interestingly, after two years, DAT binding became comparable to early-
onset non-GBA-PD patients27. While 18F-FDOPA PET is converted by
aromatic L-amino acid decarboxylase (AADC) to dopamine in dopami-
nergic neurons and thus reflects dopamine synthesis and storage capacity28.
In contrast, DAT imaging measures the availability of dopamine transpor-
ters, which are involved in dopamine reuptake29. In early disease stages,
dopamine transporters are thought to be downregulated, while AADC is
thought to be upregulated30. Discrepancies between DAT and 18F-FDOPA
imaging findings could partially be attributed to differences in the biological
substrates (binding sites) targeted by the respective radiotracers.

Although our results revealed an overall reduced cholinergic innervation
in frontal regions inGBA-PD compared to non-GBA-PD, we did not observe
an interactioneffectofGBA1 statusand time.Thismay indicateanearlieronset
of cholinergic degeneration inGBA-PD, rather than a similar progression rate
between groups. This aligns with our clinical findings, not showing any dif-
ference in cognitive deterioration betweenGBA- and non-GBAPDover time.
Similarly, the voxel-wise linear mixed-model of 18F-FDOPA revealed no
interaction effect of GBA1 variants and time, indicating a comparable pro-
gression of dopaminergic degeneration inGBA-PD and non-GBA-PDwithin
our relatively short follow-up of 3 years. Therefore, we suggest that the decline
in cholinergic and dopaminergic innervationmight become different between
GBA-PD and non-GBA-PD in the later stages of the disease, corresponding
with the more pronounced clinical symptoms observed in GBA-PD after
longer observation periods, being part of its distinct phenotype3–6. For an
overview of the hypothesized sequence of neurodegenerative changes in
GBA1-related PD based on our data, see Supplementary Fig. 8.

Cholinergic denervation was most strongly related to time in the
posterior regions, involving the bilateral (pre)cuneus, insula, posterior
cingulate, transverse temporal gyrus, superior temporal gyrus, pre- and
postcentral gyrus. This is in line with previous studies reporting the choli-
nergic denervation pattern in sporadic PD7,31–34. Posterior cholinergic
denervation is also present in non-demented PD22 and might even be pre-
sent before PD diagnosis35. Other studies showed that posterior cholinergic
loss did not correlate significantly with cognitive outcomes36,37. Clinical
impairment seemed to be more related to limbic and more anterior located
regions. Previous cross-sectional imaging results suggested a posterior-to-
anterior gradient of cortical cholinergic denervation,whenPDprogressed to
PDD9,34. Our previous study on de novo PD also demonstrated more
extensive posterior cholinergic denervation in GBA-PD, compared to age-
and sex-matched non-GBA-PD, when compared to controls16. In this
current study, GBA-PD showed more prominent involvement of frontal
regions compared to non-GBA-PD, independent of time since diagnosis,
age or gender. These results suggest that GBA-PD might be further along
this denervation process than non-GBA-PD, which may contribute to the
GBA1-linked phenotype, contributing to greater cognitive vulnerability.

Advancing age was associated with differences in cholinergic dener-
vation, with the strongest effects observed in anterior brain regions. A prior
PET study assessing longitudinal changes in cortical cholinergic activity in
PD found the most severe denervation in posterior regions at baseline,
followed by progressive involvement of anterior regions over time—sug-
gesting an anterior-to-posterior degeneration pattern34. Advancing agemay
reflect individuals further along this degenerative trajectory. Our finding
that older age is most strongly linked to anterior cholinergic denervation—
regions critical for cognitive function7—may therefore reflect a later stage in
the global cholinergic degeneration process. In this context, posterior
regions may have already undergone near-complete denervation in older
individuals, resulting in a floor effect that limits the detectable variance in
these areas, thereby enhancing the apparent association with anterior
regions. This may help explain why advancing age is a known predictor of
cognitive impairment and increased risk of PDD38–40.

The relationship between age and 18F-FDOPA imaging is not fully
understood. While some studies41 have reported age-related decreases in
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striatal 18F-FDOPAuptake, others did not observe this effect42. In our study,
we identified a significant age-related reduction in 18F-FDOPA uptake, not
only in the caudate, but also in extra-striatal regions, including midbrain,
prefrontal cortex, and cingulate cortex, as well as regions like the insula and
cortical areas in the temporal and parietal lobe. Interestingly, advancing age
was associated with higher 18F-FDOPA signal in the cerebellum, a region
often used as a reference region in presynaptic dopaminergic imaging due to
its minimal dopaminergic activity. 18F-FDOPA does not solely reflect
dopaminergic brain innervation but is also taken up in non-dopaminergic
neurons where it is decarboxylated in serotonin and noradrenaline43. This
widespread pattern suggests that aging impacts both dopaminergic and
broader monoaminergic neurotransmission across diverse brain networks.
Our findings are similar to another study, which investigated the relation-
ship between age and 18F-FDOPA uptake index in healthy volunteers44.
Thesefindings could alsobepartially influencedbynormal age-relatedbrain
atrophy, independent of PD44.

Lastly,male sexhas oftenbeen reported as risk factor indevelopingMCI
in PD, suggesting a faster trajectory of cognitive decline45. Accordingly, a
different cholinergic topography may be expected. Indeed, a previous study
demonstrated greater cortical cholinergic denervation in male PD patients46

In addition, while other studies showed that females have higher dopami-
nergic innervation, especially in the caudate and prefrontal cortex46,47, sex did
not contribute significantly to 18F-FDOPA brain uptake in our linear mixed
model analysis. Both biological and methodological differences could be
responsible for the discrepancy between the 18F-FEOBV and 18F-FDOPA
results. 18F-FEOBV binds to the vesicular acetylcholine transporter and
provides a direct measure of cholinergic integrity with a high signal-to-noise
ratio in cortical regions15. Contrastingly, 18F-FDOPA serves as an indirect
measure for dopaminergic integrity by reflecting dopamine synthesis capa-
city through L-amino acid decarboxylase activity. This system can be influ-
enced by compensatory mechanisms and small differences in dopaminergic
denervation could be masked48. Furthermore, the sensitivity of 18F-FDOPA
PET to detect variations in monoaminergic innervation outside of the
striatum is limited by its low signal-to-noise ratio in extrastriatal areas49.

This study presents detailed subject assessments, including extensive
neuropsychological test battery, motor and nonmotor assessments, and
dual-tracer PET imagingwith 18F-FDOPAPET and 18F-FEOBVPET. As far
as we know, 3dLME is the only voxel-wise analysis software that supports
specifying multiple types of variance-covariance structures. A final strength
is the use of full-gene GBA1 sequencing. A limitation of this study is the
relatively small sample size of the GBA-PD group. To compensate this, data
from an additional cross-sectional cohort was included, which provided a
larger number of GBA-PD participants and thereby increase statistical
power. However, despite these efforts there is still a significant imbalance
between thenumberof participantswithGBA-PDandnon-GBA-PD,which
still may affect the reliability of the model and future studies should ideally
include larger, prospectively followed and more balanced GBA1-genotyped
cohorts to validate and refine these findings. In addition, a comprehensive
assessment ofmotor progressionwas limited, because themotor scores were
assessed in the dopaminergic “on” state following treatment initiation.
Nevertheless, our results align with previous research that reported an
increased rate of motor progression in GBA-PD3–5,50. The discrepancy
between on/off statemay, however, have also influenced performance on the
cognitive tests. Finally, a potential limitation of this study could be that the
effect of age at disease onsetwasnot examined separately, as thismay interact
with disease progression.However, the use of type III sums of squaresmeans
that both age and time since diagnosis were included in themodel, indirectly
accounting for this factor. Moreover, there was no significant difference in
age-at-onset between GBA-PD and non-GBA-PD participants.

This study investigated the clinical phenotype together with both
dopaminergic and cholinergic denervation changes over time in PD
patients, with and without GBA1 mutations. The results revealed reduced
cholinergic innervation in the right precentral gyrus and middle frontal
gyrus in individualswithGBA1 variants, compared to thosewithnon-GBA-
PD, although the rate of progression of cholinergic degeneration did not

differ between both groups. Additionally, no differences were found in
striatal dopaminergic denervation between GBA-PD and non-GBA-PD
subjects. Studies with larger sample sizes and extended follow-up duration
are needed to determine whether 18F-FEOBV PET, besides 18F-FDOPA
PET, can serve as a biomarker to measure disease progression in GBA-PD.

Methods
Setting and participants
We collected data of 171 PD patients (44 GBA-PD and 128 non-GBA-PD).
For an overview of included patients, see supplementary material Supple-
mentary Table 1. The majority of the patients (a total of 127 participants of
whom 15 were GBA1 carriers) were enrolled via the Dutch Parkinson
Cohort (DUPARC) study51. This study included de novo treatment-naïve
PD patients with a follow-up evaluation three years post diagnosis (FU3),
conducted within a time frame of 35 to 39 months after baseline assess-
ments. At FU3, 113patients (14GBA-PDand98non-GBA-PD)underwent
18F-FEOBV PET and, 109 participants (13 GBA-PD and 96 non-GBA-PD)
underwent 18F-FDOPA PET scan.

Because of the large imbalance between the number of GBA-PD and
non-GBA-PDparticipants within theDUPARC cohort, with only 15GBA-
PD patients, additional participants were recruited via two other ongoing
studieswithin our research group, adhering to the same clinical and imaging
protocols (n = 44, 29GBA-PDand15non-GBA-PD)52,53. These PDpatients
had a varying duration of disease (mean duration of 3.7 ± 1.9 years with a
maximum duration of 11 years) and had clinical and imaging assessments
once. In total, 170 subjects underwent 18F-FEOBV PET, and 136 subjects
with a 18F-FDOPA PET scan.

All patients met the criteria for PD diagnosis according to the Move-
mentDisorder Society (MDS)ClinicalDiagnostic Criteria for PD54. Patients
underwent a standardized clinical and neuropsychological examination, a
T1-weighted MRI scan, 18F-FEOBV PET and/or 18F-FDOPA PET. Exclu-
sion criteria included inability to provide written informed consent, esti-
mated low premorbid intelligence level (estimated IQ < 70 on the Dutch
Adult Reading test)55 andMRI contra-indications (e.g. ferrous objects in the
body or claustrophobia). All subjects provided written informed consent in
accordance with the Declaration of Helsinki and the study was conducted
according to the GoodClinical Practice guidelines. The study was approved
by the ethical board of the University Medical Center Groningen.

Genotyping
We collected saliva samples fromPD subjects usingOrageneDNAOG-500
tubes (DNAGenotek). DNA extraction, wholeGBA1-gene sequencing and
data analysis were carried out by GenomeScan B.V. in Leiden, the Neth-
erlands. To ensure specific sequencing of the functional GBA1-gene rather
than its pseudogene, long-range PCR was employed to select primers.
Subsequently, DNA fragments were amplified using PCR and sequencing
was performed using Illumina cBot and HiSeq 400, as described
previously56. The allelic nomenclature of the GBA1 variants is given in
Supplementary Table 7.

Clinical assessment
All PD participants had a neuropsychological test battery (see Supple-
mentary Table 8 for details) covering the 5 main cognitive domains;
memory, attention, executive functions, language, visuospatial function. All
(sub)test scores were transformed into standardized T-scores based on
established test-specific normative data. T-scores within a cognitive domain
were averaged to define a domain-specific T-score for each domain. Test
scores for the Boston naming test and the Location Learning test were
transformed into standardized T-scores based on a sample of 108 controls
(58 males, aging ranges between 41 and 84 years; mean age = 64.49 years,
SD = 8.08years) collectedas part of theDUPARCstudy.All T-scoreswithin
one cognitive domainwere averaged to define a domain-specific T-score for
each of the 5 domains. A selection of outcomemeasures of tests and subtests
of the cognitive test battery was made a priori, allowing implementation of
level II criteria for Parkinson’s disease with mild cognitive impairment
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(PD-MCI, see Supplementary Table 8). Below-threshold performance on at
least two neuropsychological tests was required for PD-MCI classification.
Scores >1.5 SD below normative values were considered abnormal57,58. To
define Parkinson’s disease dementia (PDD) we used the MDS Clinical
Diagnostic Criteria59. Below-threshold performance on test or subtests in
more than one cognitive domains was required. A selection of outcome
measures of test and subtests of the cognitive test battery was made a prior,
see S3. Scores >1.5 SDbelownormative valueswere considered abnormal. If
one of the tests per domain was below the threshold, the domainwas scored
as abnormal. In addition, one of the behavioural features (1) apathy, 2)
changes in personality and mood including depressive features and
anxiety 3) hallucinations, 4) delusions and 5) excessive daytime sleepiness is
present assessed by theNMS-Qat follow-up. Since one of the core features is
that there is a representing decline from premorbid level we applied this
criteria to the patients that underwent two assessments to observe the dif-
ference between baseline and follow-up.

For each cognitive domain, the difference in performance over the
3-year interval was obtained for the participants that underwent both
baseline and FU3 measurements as follows:

ΔTCognitive domain ¼ ðT� score follow � upÞ � ðT� score baselineÞ

The ΔTCognitive domain scores represents cognitive changes over
time, with positive scores representing an improvement and negative scores
a decline.

Clinical motor performance was examined using the MDS-revised
Unified Parkinson’s Disease Rating Scale part III (MDS-UPDRS-III). De
novo patients at baseline were treatment-naïve and therefore scored in “off”
state. After treatment initiation (i.e., in non-de novo subjects), all clinical
assessments were performed in the dopaminergic “on” state and the
Levodopa Equivalent Daily Dose (LEDD) was calculated60.

Presence of non-motor symptoms was assessed using the Hospital
Anxiety andDepressionScale,Non-Motor SymptomsQuestionnaire (NMS-
Q) and REM Sleep Behavior Disorder Screening Questionnaire (RBD-Q)51.

Acquisition procedures of 18F-FEOBV and 18F-FDOPA
Participants underwent brain magnetic resonance imaging (MRI),
18F-FDOPA imaging and/or 18F-FEOBV.All subjects underwent brainMRI,
18F-FDOPAPET and 18F-FEOBVPET.MRI imaging of Parkinson’s disease
subjects was acquired using Siemens Magnetom Prisma 3-Tesla magnetic
resonance imaging scanners (Best, Netherlands), equipped with SENSE-8
channel head coil. For each subject, anatomical T1-weighted images were
obtained using a sagittal 3-dimensional gradient-echo T1 weighted
sequence with 0.9 × 0.9 × 0.9mm acquisition. [18F]FEOBV imaging was
performed on the same day as MR imaging. For PET imaging, participants
first underwent lose-dose computed tomography (CT) for attenuation and
scatter correction using either a Biograph 40-mCT or 64-mCT (Siemens
Healthcare, USA). Both scanners were EARL certified, had the same soft-
ware version, and used identical acquisition and reconstruction protocols
and PET detectors. Thirty minute scans (in six 5-minute frames) were
acquired at 210min post-bolus injection of 18F-FEOBV. 18F-FDOPA PET
was performed after at least six hours of fasting (four hours for diabetic
patients). Participants were premedicated with carbidopa 60min before
receiving 200MBq of the FDOPA tracer, 90min after which the PET-scan
was performed with a static acquisition lasting 6min.

Pre-processing of 18F-FEOBV and 18F-FDOPA imaging
The six five-minute 18F-FEOBV PET image frames were realigned within
subjects to reduce the effect of subject motion during imaging session using
Statistical Parametric Mapping (SPM12; Wellcome Trust Centre for Neu-
roimaging, London, UK). PET-MRI registration was performed using T1-
weighted MRI volumetric scans with SPM for 18F-FEOBV and PMOD
version 3.8 (Bruker Preclinical Imaging, Switzerland), for 18F-FDOPA.
Parametric 18F-FEOBV brain images reflecting Distribution Volume Ratios
(DVR) were constructed, using the supratentorial white matter above the

ventricles as a reference region. This region was delineated based on seg-
mentation of theT1-weightedMRIwithFreesurfer software (Laboratory for
Computational Neuroimaging, Athinoula A. Martinos Center for Biome-
dical Imaging, Boston, MA), using the recon-all function, as previous
described61 andwasmorphologically eroded.Raw 18F-FEOBVPETvalues of
this reference region were extracted for each participant. DVR maps were
computed using SPM’s ImCalc function, dividing voxel-wise PET signal by
themean value in the reference region. 18F-FDOPAPET images consistedof
a single six-minute static frame, and parametric images reflecting Stan-
dardizedUptake Value Ratios (SUVR) were constructed using the occipital
cortex as a reference region. All parametric maps were visually inspected to
ensure accurate realignment and reference region normalization.

Parametric images were spatially normalized to a study-specific tem-
plate in Montreal Neurological Institute (MNI) space using high-
dimensional DARTEL registration. PET images were warped using the
deformation fields derived from the MRI segmentation (subject-specific
gray andwhitematter tissue class images).We applied an 8mmfullwidth at
half maximum (FWHM) smoothing filter to improve the signal-to-noise
ratio. A final voxel size of 2.0 × 2.0 × 2.0 mm3 was used.

Statistical analysis
The Shapiro-Wilk test was used to check the distribution in all variables.We
evaluated the demographical differences between GBA-PD and non-GBA-
PD groups using an Welch’s test for normally distributed variables and a
Mann-Whitney U test, for non-normally distributed data.

To examine the differences in clinical data and their progression over
time between the GBA-PD and non-GBA-PD group, a linear mixed-effects
model (LMM)was employed using the ‘lme4’ and ‘lmerTest’ packages in R.
Fixed effects included ‘Group’ (GBApos vs. GBAneg), ‘Time’ (since diag-
nosis), and their interaction (Group × Time), with ‘Sex’ and ‘Age’ as cov-
ariates. Random intercepts were modelled for each participant (Subject).
This analysis was first performed including all participants, and then
repeated for the group that had 18F-FDOPA PET. The statistical threshold
was set at p < 0.05. Statistical analyses were performed using SPSS (version
28.0) and Rstudio (version 2024.9.0.375).

Whole-brain voxel-wise linear mixed effects analyses: Choliner-
gic and dopaminergic innervation
Whole brain voxel-wise linear mixed effects analyses were conducted using
the 3dLME function ofAnalysis of FunctionalNeuroImages (AFNI; version
25.1.08)62–64. Amodel with the followingWilkinson notation was fit at each
voxel:

Y � 1þ GroupðGBApos vs:GBAnegÞ � Timeðsince diagnosisÞ
þAgeþ Sexðmale vs:femaleÞ þ ð1jSubjectÞ

Timewas included as a continuous covariate. F-tests with type III sums
of squares were used (by default in 3dLME) to test whether fixed variables
(i.e., Group, Time, Group × Time, Age, Sex) explained unique variance.

Results were family-wise error corrected using a threshold of p < 0.001
(2-tailed), with a minimum cluster volume of 402 voxels ( = 3216 μL) for
18F-FEOBV and 263 voxels ( = 2105 μL) for 18F-FDOPA. The latter was
determined usingMonte Carlo simulation (10,000 iterations) using AFNI’s
3dClustSim after estimation of average smoothness across all individuals’
smoothed PET images using AFNI’s 3dFWHMx (adding the -2difMAD
flag)65. Post-hoc general linear tests (GLT) were specified in 3dLME to test
the direction of effects for categorical fixed variables (i.e., Group and Sex).

To assess the direction of effects within significant clusters for con-
tinuous variables,meanPETsignal valueswere extracted for each significant
cluster and each participant, and plotted against the continuous variable
using the ggplot2 package in R.

To ensure the robustness of our findings, the voxel-wise linear mixed
effect analyses were repeated using only de novo PD participants who had
bothbaseline and follow-upPETassessments.The results of these sensitivity
analyses are reported in the supplementary material.
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Data availability
The data that support the findings of this study are available from the
corresponding author, upon reasonable request.
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