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ABSTRACT: Background: Mutations in the GBA gene
cause Gaucher’s disease (GD) and constitute the most
frequent genetic risk factor for idiopathic Parkinson’s dis-
ease (iPD). Nonmanifesting carriers of GBA mutations/
variants (GBA-NMC) constitute a potential PD preclinical
population, whereas PD patients carrying some GBA
mutations/variants (GBA-PD) have a higher risk of a more
aggressive disease course. Different neuroimaging tech-
niques are emerging as potential biomarkers in PD and
have been used to study GBA-associated parkinsonism.
Objective: The aim is to critically review studies applying
neuroimaging to GBA-associated parkinsonism.
Methods: Literature search was performed using PubMed
and EMBASE databases (last search February 7, 2022).
Studies reporting neuroimaging findings in GBA-PD, GD with
and without parkinsonism, and GBA-NMC were included.
Results: Thirty-five studies were included. In longitudinal
studies, GBA-PD patients show a more aggressive disease
than iPD at both structural magnetic resonance imaging
and  123-fluoropropylcarbomethoxyiodophenylnortropane
single-photon emission computed tomography. Fluorodeo-
xyglucose-positron emission tomography and brain perfusion
studies reported a greater cortical involvement in
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GBA-PD compared to iPD. Overall, contrasting evi-
dence is available regarding GBA-NMC for imaging
and clinical findings, although subtle differences have
been reported compared with healthy controls with no
mutations.

Conclusions: Although results must be interpreted
with caution due to limitations of the studies, in line
with previous clinical observations, GBA-PD showed a
more aggressive disease progression in neuroimaging
longitudinal studies compared to iPD. Cognitive
impairment, a “clinical signature” of GBA-PD, seems to
find its neuroimaging correlate in the greater cortical burden
displayed by these patients as compared to iPD. © 2022
The Authors. Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and Move-
ment Disorder Society
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Parkinson’s disease (PD) is a complex neurodegenerative
disorder characterized by multiple motor and nonmotor
symptoms.’ In the past decades, more than 20 genes have
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been related to parkinsonism.? Following the observation
of higher risk of developing parkinsonism in patients
affected by Gaucher’s disease (GD), a lysosomal disorder
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caused by mutations in the GBA gene (which encodes for
lysosomal glucocerebrosidase -GCase-), GBA mutations
have been found to constitute the greatest risk factor for
sporadic PD, although with variations in mutation fre-
quency based on the characteristics of the observed popu-
lation.” The molecular mechanisms that lead to
increased PD risk in GBA mutation carriers are mul-
tiple and not fully elucidated vyet; they include
a-synuclein aggregation, lysosomal-autophagy dys-
function, and endoplasmic reticulum stress.* GBA
mutations can be distinguished based on the classifi-
cation in use for GD: mild mutations are those that
cause GD type I (nonneuronpathic), severe mutations
are those that cause GD types II and III (neuro-
npathic)—however, some mutations that are linked
to PD are nonpathogenetic in GD.” Moreover, dys-
function of GCase has been demonstrated in PD with-
out GBA mutations, suggesting its interaction with
other pathogenic mechanisms.®’

PD with GBA mutations/variants (GBA-PD) does not
present pathognomonic features that distinguish it from
“idiopathic” PD (iPD). However, depending on the
mutation, GBA-PD is associated to an earlier onset;
more aggressive disease course and reduced survival;
and an increased risk of dementia, motor disability,
dysphagia, and autonomic dysfunction.®’

Nonmanifesting carriers of GBA mutations/variants
(GBA-NMC) and GD patients without parkinsonism con-
stitute a potential preclinical population to study the path-
ophysiology of the disease and to target in case of
development of neuroprotective therapies. In particular,
drugs that target GCase pathways are currently under
investigation in clinical trials as neuroprotective therapies
in PD."

Considering the potential relevance of GBA mutations/
variants for prognostic and therapeutic applications, the
search for GBA-related biomarkers is becoming essential.

In clinical practice, conventional imaging techniques
are used to support the diagnosis of PD and to investi-
gate specific clinical features.! Other techniques, such
as advanced structural magnetic resonance imaging
(MRI) or functional MRI (fMRI), are used in research
settings (for review, see references 11-13). The focus is
on the potential role of neuroimaging as biomarkers for
diagnosis, to assess disease progression and monitor
therapeutic interventions and to understand the patho-
physiology of the disease.'* In the past years, several
studies applied imaging techniques in GBA-PD, GD
patients with (GD-p) and without parkinsonism, and
GBA-NMC to elucidate aspects of pathogenesis in
GBA-PD and to identify at-risk populations.

The aim of the present systematic review is to criti-
cally summarize evidence from these studies, to update
a previous review on the topic,"” and to analyze and
discuss the emerging controversies in the field, trying to
address apparent discrepancies.

Patients and Methods
Search Strategy

Literature search was performed using PubMed and
EMBASE (last search: February 7, 2022). Methods and
search string are provided in Supplementary Material.
The PRISMA flowchart is shown in Supplementary
Figure S1. The details of the studies (number of partici-
pants, methods, etc.) are presented in Supplementary
Table S1 and Tables 1-5. As the definition of “iPD”
and “controls” differs across studies, we invite the
reader to search for details in Supplementary Table S1.

Results

Structural MRI

Six studies were included (Supplementary Table S1
and Table 1).

PD is not associated with alterations in conventional
structural imaging scans." However, advanced MRI
techniques allow the quantification of iron accumula-
tion in the substantia nigra (SN) using neuromelanin-
sensitive. MRI, structural gray matter (GM) changes
(eg, GM volume or cortical thickness), and microstruc-
tural white matter (WM) integrity. Diffusion tensor
imaging (DTI), in particular, allows the assessment of
microstructural tissue integrity; the most commonly
used DTI indices include fractional anisotropy (FA)—a
measure of the directionality of water diffusion—and
mean diffusivity—a measure of the absolute magnitude
of diffusion (for review, see references 13 and 14).

In GBA-NMC, no structural GM differences have been
reported compared to controls'®'” or to nonmanifesting
carriers of LRKK2 mutations (LRRK2-NMC)."”

In GD patients (including 2 GD-p patients) a negative
correlation between SN echogenicity—a sonographic
feature considered to reflect iron accumulation (see
later)—and iron-sensitive MRI-T2 hypointensity of SN
pars compacta has been reported: the authors suggested
that this finding might be related to disturbance in iron
metabolism involving deep brain structures in GD.*!

In a study, GBA-PD patients showed a left-sided
prevalent pattern of cortical thinning involving mainly
temporal, parietal, and occipital regions compared to
iPD and controls.'® Longitudinal follow-up of this
cohort showed a greater cortical thinning of posterior
regions and additional greater involvement of frontal
and orbitofrontal lobes in GBA-PD compared to iPD,
whereas the pattern of subcortical GM atrophy was
similar in the two PD groups. After 5 years, iPD
patients reached a similar pattern of cortical thinning to
GBA-PD at baseline. These imaging findings were in
line with clinical observations demonstrating a more
rapid trajectory of motor and cognitive impairment in
GBA-PD compared to iPD.'® Also a study conducted
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on the Parkinson’s Progression Markers Initiative
(PPMI) cohort reported significant GM differences in
GBA-PD compared with iPD patients.'” In particular,
both GBA-PD and late-onset (LO)-iPD showed greater
structural volume reductions compared with the early-
onset (EO)-iPD group. The clinical follow-up (up to
6 years) in this cohort showed greater worsening in
motor, cognitive, and autonomic functions in GBA-PD
versus EO-iPD and in LO-iPD versus EO-iPD but no
differences between GBA-iPD and LO-iPD. LO-iPD is
associated with a more aggressive form of disease’': the
findings of this study (see the Nigrostriatal Imaging sec-
tion) support the hypothesis that GBA mutations par-
ticipate to accelerate the neurodegenerative processes
in PD."”

Conversely, in other studies, no differences in GM
have been reported between GBA-PD, iPD, and con-
trols*® and between GBA-PD, PD with LRRK2 muta-
tions (LRRK2-PD), and iPD,"” although, in the latter
study, lower GM volumes were reported in bilateral
hippocampus, nucleus accumbens, caudate, thalamus,
putamen and amygdala, and the right pallidum in
patients with PD (eg, GBA-PD, LRRK2-PD, and iPD)
compared to unaffected participants (eg, GBA-NMC,
LRRK2-NMC, and controls).

Differences in microstructural WM integrity that may
have an impact on the clinical manifestations of the dis-
ease, including cognitive impairment, have been
reported in GBA-PD.?° Compared with controls, GBA-
PD showed decreased FA bilaterally in the olfactory
tracts; genu and body of the corpus callosum; and ante-
rior limb of the internal capsule and in the right ante-
rior external capsule, left cingulum bundle, left
parahippocampal tract, left parietal portion of the supe-
rior longitudinal fasciculus (SLF), and left occipital
WM. Compared to iPD, GBA-PD showed decreased FA
in the external capsule bilaterally and left SLF. Com-
pared with both controls and iPD, GBA-PD showed
decreased FA in the body and genu of the corpus cal-
losum, olfactory tract, anterior limb of the internal cap-
sule, and cingulum bilaterally. In all PD patients, FA
values of the body and genu of the corpus callosum,
external capsule, and olfactory tracts correlated with
verbal fluency. No differences in WM were reported
between iPD and controls.?’

MR Spectroscopy

One study was included (Supplementary Table S1
and Table 1).

Proton MR spectroscopy of the brain is a noninva-
sive, in vivo technique that allows investigation into
regional chemical environments.'* Only one study
applied MR spectroscopy to the study of GBA-PD.**
Compared with controls, mesostriatal membrane
metabolites (eg, N-acetylaspartate [NAA]), but not

r NEUROIMAGING

IN GBA-ASSOCIATED PARKINSONSIM
energy status (high-energy phosphates and low-energy
metabolites), were altered in GBA-PD, suggesting that a
primary membrane dysfunction, rather than energetic
metabolism dysfunction, may underlie the pathogenesis
of GBA-PD. It must be considered, however, that
lowered NAA has also been detected in the SN and
other regions in iPD compared to controls'*: indeed, in
the absence of iPD controls, it is not possible to deter-
mine whether these findings are related to the neurode-
generative mechanism underlying PD, in general, or to
GBA mutations/variants, in particular.”?

Functional MRI

Three studies were included (Supplementary Table S1
and Table 1).

Two fMRI approaches exist to study brain neuronal
activity: resting-state fMRI and task-based fMRIL'!'!3
The first method measures the intrinsic fluctuations of
the BOLD signal between different brain regions during
rest to assess functional connectivity alterations within
and between resting-state functional networks. Task-
based fMRI includes the performance of a task during
the fMRI acquisition, eliciting the activation of task-
specific areas (eg, motor, sensitive, and visual). This
approach is useful to assess specific patterns of brain
activity changes in different conditions or after specific
trainings.

A study'® showed increased resting-state functional
connectivity between left posterior putamen and left
postcentral gyrus and between left caudate and right
parietal operculum and planum temporale in GBA-
NMC compared to controls. The authors suggest that
an early impairment of the striato-somatosensory net-
work might precede the involvement of the motor sys-
tem and, thus, the appearance of symptoms in GBA
carriers. Another study** focused on GBA-NMC and
controls, including LRKK2-NMC. Differently from the
previous study, the aim was the evaluation of cognitive
task performance in the presymptomatic stage of
PD. The authors characterized the cognitive profile and
functional activation patterns of GBA-NMC in depth
while performing two separate fMRI cognitive tasks
(Stroop interference task and N-back working memory
task). Similar cognitive and task-related performance
combined with a higher functional activity in the right
medial frontal gyrus and reduced task-related activity
in the left lingual gyrus during the Stroop task was
found in GBA-NMC relative to LRRK2-NMC and con-
trols. On the N-back task, no whole-brain differences
were found between groups. The authors suggest that
GBA-NMC present differential cerebral compensatory
mechanism that might allow adequate cognitive perfor-
mance in the preclinical stages of PD.

Only one study explored the resting-state fMRI fea-
tures in GBA-PD patients in OFF condition.”? Although
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no patient presented dementia or hallucinations,
reduced functional connectivity in the parieto-occipital
cortex was found in GBA-PD relative to iPD, similar to
dementia with Lewy bodies (DLB) patients and PD with
visual hallucinations.

Positron Emission Tomography with 2-'8F-
Fluorodeoxyglucose

Five studies were included (Supplementary Table S1
and Table 2).

Fluorodeoxyglucose-positron  emission tomography
(FDG-PET) is widely used for the evaluation of cortical
glucose metabolism in several neurodegenerative disor-
ders. In PD, FDG-PET shows two distinct covariance pat-
terns on resting state: the PD-related-pattern (PDRP),
associated with disease progression and motor symptoms,
and the PD-cognitive pattern (PDCP), associated with
cognitive dysfunction.'* A study*® reported increased
PDRP scores and a trend for increased PDCP score
(in line with a trend in worse cognitive function) in GBA-
PD compared to matched iPD. Similarly, in another
study,” despite matched motor impairment, the GBA-
PD group showed higher PDRP scores than iPD and
LRRK2-PD. Moreover, GBA-PD was the only group to
show elevated PDCP expression compared to controls
(despite not having dementia). Using graph theory, the
authors found that even though GBA-PD, LRRK2-PD,
and iPD express the same disease-specific networks, infor-
mation flow through these metabolic networks differs
across patient groups.”> LRRK2-PD showed increased
functional connectivity within the metabolically active
PDRP core zone, and preferential gain in connectivity
within the PDRP core was associated with lower disease
network expression, indicating less-severe underlying
functional pathology in PD patients carrying this muta-
tion. By contrast, in GBA-PD the gains in connectivity
extend outside the core, along with increased expression
of the whole network. LRRK2-PD showed more connec-
tions within the core and GBA-PD within the periphery,
suggesting that the PDRP “weather front” has progressed
less in LRRK2-PD and more in GBA-PD, over the same
disease duration. These findings seem consistent with a
more aggressive natural history in GBA-PD.

Some other reports of FDG PET are available,
although, due to the small samples, it is difficult to
draw any conclusion from the results (Table 2).2¢%®

Microglial Activation Studies

One study was included (Supplementary Table S1
and Table 2).

Inflammation is known to play an important role in the
pathogenesis of GD, and it is considered to contribute to
the neurodegenerative process in PD.’* A study,”” using
11C-(R)-PK11195 PET, demonstrated increased micro-
glial activation in brains of GD patients without

parkinsonism and GBA-NMC compared to controls in
the SN, occipital and temporal lobes, cerebellum, hippo-
campus, and mesencephalon. There was a correlation
between the degree of hyposmia and nigral microglial
activation. The same study evaluated (see later), showing
no differences between carriers and noncarriers. The
authors suggest that a biphasic trajectory of microglial
activation and dopaminergic degeneration might explain
the different results.”’

Brain Perfusion Studies

Four studies were included (Supplementary Table S1
and Table 3).

Cerebral perfusion studies evaluate the metabolic status
of brain tissue by quantifying changes in the regional cere-
bral blood flow using various radiotracers.'*

In one study,”’ GBA-PD with severe mutations
showed reduced posterior parietal and occipital blood
perfusion compared to iPD, similar to DLB; conversely,
GBA-PD with mild mutations showed a similar pattern
to iPD. Additional analysis performed after excluding
patients with dementia yielded similar results. This is in
line with other findings from this study,®’ which dem-
onstrated that the risk for dementia is influenced by the
type of GBA mutation/variant. Another study®” reported
reduced regional cerebral blood flow in the bilateral parie-
tal cortex, including the precuneus, in GBA-PD compared
to sex-, age-, and disease-duration-matched iPD subjects.
Occipital hypoperfusion, resembling the DLB pattern,
was reported in a PD member of a family with a gross
GBA deletion; 6 other individuals (1 GBA-PD and
5 GBA-NMC) displayed normal findings.*® A study
described a reduced regional cerebral blood flow in GD-p
in both inferior parietal lobules and the precuneus of both
hemispheres but sparing the posterior cingulate gyrus®*:
this pattern is typical of DLB.”?

Nigrostriatal Imaging

Twenty-one studies were included (Supplementary
Table S1 and Table 4).

['"*F]FDopa PET is used to assess the density of presyn-
aptic nigrostriatal axons.'® [123I]N-e-fluoropropyl-2p-
carbomethoxy-iodophenyl nortropane ([123I]FP-CIT) sin-
gle  photon  emission  computed  tomography
(SPECT) evaluates nigrostriatal integrity by measuring the
density of dopamine transporters (DATs) located at the
presynaptic nigrostriatal terminals.'* Other techniques,
such as Cl1-Raclopride PET, 11 C-CFT [2-
carbomethoxy-3p-(4-fluorophenyl) tropane] PET, and
I8E_FP-CIT PET, can be used to investigate the integrity
of the nigrostriatal system.'*

6-["®F]fluoro-L-Dopa (['®F] FDopa) PET

A study compared the ['®F]FDopa PET and trans-
cranial sonography (TCS) findings in subjects with

1386 Movement Disorders, Vol. 37, No. 7, 2022
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GBA mutations (homozygous and heterozygous) with
and without parkinsonism (GD-p and GBA-PD vs. GD
and GBA-NMC), showing an inverse relationship
between ['®F]-FDOPA uptake and nigral echogenic
areas only in subjects with parkinsonism.>* The same
authors, in a longitudinal study (1.5-12 years),”’ dem-
onstrated a lack of progression both radiologically and
clinically—in terms of parkinsonism—in a cohort of
GBA-NMC (even with familiarity for PD or DLB). On
the contrary, as expected, GBA-PD and GD-p showed
decreased binding over follow-up, especially in the
putamina. In the GBA-NMC cohort, only 1 subject
aged 60 years (carrying an N370S mutation) developed
signs of PD: ["®F]FDopa PET scan and TCS performed
1 year before the onset were unremarkable.>’ In a
study,”’ compared with iPD, GBA-PD showed a greater
reduction in ['®F]FDopa uptake in the bilateral caudate
nuclei, anteromedial putamen ipsilateral, and nucleus
accumbens contralateral to the more affected body side.
Together with other findings (see the PET and MRI sec-
tions), this led the authors to conclude that GBA-PD
has a more aggressive course than iPD. Finally, in
another study,”” GBA-NMC and GD showed a similar
mean striatal '®F-dopa uptake to healthy controls,
although with a greater variance—with some subjects
displaying higher dopamine binding values. Whether
this finding represents a compensatory mechanism is
not known. A bilaterally reduced uptake in the striatum
has also been reported in GD without parkinsonism in
one study, although the authors noted that this effect
was attributable to 2 patients (of 14) with reduced
uptake.??

Other reports describe similar findings to iPD in
GBA-PD?**% or GD-p?3-° (see Table 4).

[123I]N-w-fluoropropyl-2$-carbomethoxy-
iodophenyl nortropane ([123l]FP-CIT) SPECT

Among a cohort including both GBA-NMC and
LRRK2-NMC, a minority of subjects displayed DAT defi-
cit (3% of GBA-NMC vs. 11% of LRRK2-NMC).”
GBA-NMC rather showed increased DAT striatal bind-
ing ratios compared with controls in the caudate, puta-
men, and striatum: this finding was interpreted as a
possible compensatory mechanism in the preclinical
stage.”” Clinically, compared with controls, both GBA-
NMC and LRRK2-NMC showed subtle motor and non-
motor signs (a possible bias in evaluation due to the lack
of blinding to the genetic status must be pointed out).>” A
study compared cohorts at risk for PD (namely REM-
sleep behavior disorder [RBD], hyposmia, GBA-NMC,
and LRRK2-NMC) from the PPMI*": a lower mean
striatal binding ratio was observed in RBD compared to
the hyposmia and NMC cohorts. No difference was
observed between GBA-NMC and LRRK2-NMC.*!

r NEUROIMAGING
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In one study both GBA-PD and LRKK2-PD showed
higher (better) striatal binding ratio in the caudate and
putamen contralateral to the more affected body side
when compared with iPD.*® As a possible explanation
for this finding, the authors suggest a slower rate of
decline in DAT in genetic PD compared to iPD or a dis-
ruption of dopamine release before the loss of dopami-
nergic terminals (leading to an overestimation of
DAT binding). In this study, GBA-PD showed similar
motor and nonmotor symptoms (except for impulse
control disorder) to iPD.*® Conversely, another study
reported more pronounced dopaminergic dysfunction
in GBA-PD than iPD: age-adjusted analysis showed
similar DAT density between GBA-PD with mild
mutations and iPD and between GBA-PD with severe
mutations and DLB, in line with other findings from
the same study.?' The discrepancy between these two
studies could be associated with the different muta-
tions included. In fact, in the study by Simuni et al,*°
most of the cohort carried the N370S mutation,
which is a mild mutation: as demonstrated by Cilia
et al,’! and confirmed by a recent meta-analysis,’”
patients with this mutation show similar cognitive
features to iPD.

One longitudinal study showed a faster clinical and
cognitive deterioration, as well as a more diffuse striatal
and extra-striatal damage, in GBA-PD relative to iPD.!”
The clinical and radiological progression in GBA-PD
was similar to that in LO-iPD rather than EO-iPD,
leading the authors to hypothesize a biological role of
GBA in the pathogenesis of the “malignant PD
phenotype,” a more aggressive form of disease associ-
ated to LO-iPD°! (see the MRI section). In another
study, the temporal trajectory for putaminal dopami-
nergic deficit during the premotor period (10 years) in
PD patients was modeled using extensive longitudinal
PPMI data: according to this model, patients carrying
the N370S GBA mutation have more rapid deteriora-
tion in dopaminergic function in the premotor phase.®”

In one study,™ GBA-PD showed a more asymmetric
DAT deficit compared to PD patients carrying other
mutations with higher penetrance (eg, SNCA). The
authors hypothesized that this finding, which resembles
what is observed in iPD, suggests that other genetic or
environmental factors are needed to drive dopaminergic
neuronal loss in GBA-PD.

In another study, despite similar levels of DAT bind-
ing compared with other PD patients, GBA-PD showed
more severe motor signs in the less-affected side (despite
similar levels of DAT availability in the contralateral
putamen): this finding has been reconducted to a lower
“motor reserve” in GBA-PD that could contribute to a
more severe phenotype.*®

A study® investigating the role of genetic variants
(APOE €2 and €4 alleles, MAPT H1 and H2 haplo-
types, COMT Met allele, SNCA G allele, and deleterious
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Conclusions

Cognition Clinical findings Imaging findings

Clinical features

Sample

Studies

TABLE 5 Continued
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alteration in the serotonergic system—is associated with
depression and other psychiatric symptoms in PD and
other neurological diseases.’®>” In this study,’® this
result was in line with clinical data, which showed
more depression and distinct autonomic disturbances in
GBA-PD than iPD, leading the authors to suggest that
imaging characteristics assessed with TCS might repre-
sent sonographic markers corresponding to some of
these clinical findings. In another study, a higher preva-
lence of abnormal TCS raphe signals was found in
GBA-PD compared to iPD (55.6% and 28.6% of
patients, respectively), but it did not reach the level of
statistical significance.*”

No study has found any difference in TCS findings
based on the type of mutation or heterozygosity/
homozygosity.21:26:34:47:50

Multiomics Approach to Disentangle the
Pathophysiology of GBA-PD

The abnormal aggregation of misfolded neurotoxic
proteins, such as a-synuclein, is a key pathological fea-
ture of PD. The mechanisms of the deposition of
misfolded proteins in the disease epicenter and spread
to large-scale network dysfunction through synaptic
connections remain unknown; recent advances demon-
strated that progression of PD might be a multifactorial
process depending on regional vulnerability and cell-to-
cell spreading of misfolded proteins.’® Temporospatial
patterns of neuronal dysfunction, consequence of selec-
tive regional vulnerability and pathological spreading,
might potentially explain different clinical features and
progression in the GBA-PD relative to iPD.>® Using an
agent-based epidemic spreading model to integrate
structural connectivity, functional connectivity, and
regional gene expression to predict sequential volume loss
due to neurodegeneration, a recent study demonstrated
that regional expression of GBA, together with SNCA, is
a key player in the modulation of local regional vulnera-
bility and is related to the development of atrophy.’”
These findings are in line with biological evidence
supporting the role of GCase in influencing a-synuclein
synthesis, seeding, and clearance, which underlie the
mechanism by which mutations/variants in GBA might
affect the spread of protein aggregation and, conse-
quently, be associated with faster disease progression.®®¢!

Discussion

The implication of GBA mutations/variants in the
risk and progression of PD has opened new paths to
understanding the mechanisms of PD and design poten-
tial therapeutic strategies.®? Although GBA-PD patients
cannot clinically be recognized from patients without
GBA variants/mutations, they undergo a more aggres-
sive progression and carry a higher risk of cognitive

impairment®: imaging findings that are able to detect
this evolution before its clinical manifestation are criti-
cal not only for their prognostic implications but also
to elucidate the pathophysiology of the disease.

Summary

Most studies assessing the integrity of the
nigrostriatal system failed to find any deficits in GBA-
NMC or GD versus controls,>”*32°3%% corroborating
the hypothesis that GBA-mediated genetic risk alone
does not determine an appreciably lower striatal dopa-
minergic tone. Similarly, no difference in nigrostriatal
imaging has been consistently reported between GBA-
PD or GD-p and other PD patients?®2833:35.36.44:45,
rather contrasting findings—ranging from a dimin-
ished***1** to an augmented* dopaminergic tone—
have been reported. The differences among the studies,
eg, differences in sample sizes, stage of PD, and mutations
analyzed, might be accountable for these apparently con-
founding results although, overall, current evidence does
not suggest the existence of a “nigrostriatal signature” of
GBA mutations/variants in PD.

More insights from longitudinal studies demonstrated
that GBA-PD show a more advanced disease at both
structural MRI and 123-FP-CIT-SPECT imaging,'”>'®
which is reached by iPD after 5 and 2 years, respec-
tively. Importantly, the trajectory of worsening of imag-
ing features corresponded to a more aggressive clinical
worsening, in both motor and nonmotor features. Simi-
larly, brain perfusion®'? and FDG-PET***° studies
suggest a more aggressive underlying disease in GBA-
PD, supporting the hypothesis that patients with GBA
mutations seem to localize midway in the spectrum
between PD and DLB, depending on the mutation.®!
The greater involvement of the posterior cortical
regions in GBA-PD compared to iPD could represent
the neuroimaging counterpart of clinical findings
reporting cognitive impairment as a major feature of
GBA-PD. On the contrary, it must be noticed that most
of these studies also reported worse cognitive function
in this population compared to the control group and,
thus, this difference might have influenced the imaging
results.

Overall, studies in GBA-NMC have yielded highly
heterogeneous—if not contrasting—results and overall
do not allow to draw firm conclusions. It must be con-
sidered that the penetrance of GBA mutations is far
from complete and depends on many factors,®* includ-
ing the type of mutation and other genetic and non-
genetic modifiers, most of which are unknown.®*
Therefore, findings in these subjects might represent a
mere correlate of their genotype not corresponding to
the future development of PD: to effectively distinguish
GBA-NMC between “healthy” and “prodromal” car-
riers and identify the mechanisms of GBA-PD
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pathogenesis, longitudinal studies should evaluate the
meaning of findings in NMC in relation to the risk of
developing PD (eg, use of the MDS prodromal likeli-
hood ratio scores as well as exposure to other environ-
mental factors that contribute to PD in addition to the
genetic status®).

Limitations

As discussed, only a few studies included in the pre-
sent review had a prospective design.

Other limitations hinder drawing results from the
available studies. First, the variability in the approaches
used across the studies to screen GBA and other PD-
related genes may have significantly influenced the
results. The techniques used to analyze genetic alter-
ations were not uniform, with some studies investigat-
ing only specific mutations in GBA (eg, N370S and
L444P, only GD-associated, only non-GD-associated)
and other genes (eg, G2019S for LRRK2), whereas
others assessed several known mutations and per-
formed the sequencing of the entire GBA gene. Some
studies excluded patients with other known mutations,
whereas other studies did not assess other mutations at
all. Moreover, a great heterogeneity was present in the
control groups, as only in some studies were “controls”
or “iPD” groups effectively tested for GBA mutations
and information on genetic screening was missing,
inherently flawing the comparison. Supplementary
Table S1 summarizes the heterogeneity of the genetic
assessment through the included studies. Other factors
that may confound the results of the studies include het-
erogeneous cohorts with respect to the size, demo-
graphic data, and enrollment criteria of patients.

The complexity of interpreting the findings in GBA-
NMC is increased by the overlap with other prodromal
symptoms. RBD is of particular interest due to the sig-
nificant risk of developing synucleinopathies that it
carries.® Neuroimaging findings in RBD have been
extensively reviewed elsewhere; we refer the interested
reader to a recent review on the topic.®®

In addition, it must be noted that many studies
used data from the PPMI cohort®” and analyzed the
same subset of patients. Therefore, some data might be
redundant rather than adding new information.

Finally, it is considered that “brain reserve”™—a con-
struct that combines the structural properties of the
brain and cognitive skills and abilities that serve as a
hedge against loss of function—influences the progres-
sion of PD and other neurodegenerative diseases (for
review, see reference 68) but, besides the hypothesis of
a reduced motor reserve in GBA-PD,>® little is known
regarding its role in the pathogenesis of GBA-PD. Fur-
ther research in this direction is warranted in the field
of GBA-PD and GBA-NMC (as well as in other

17,37-41

r NEUROIMAGING

IN GBA-ASSOCIATED PARKINSONSIM
preclinical populations) to further elucidate the mecha-
nisms of disease.

Conclusions

In conclusion, so far, in the field of GBA-related par-
kinsonism and its clinical, neuroimaging, and pathoge-
netic features, simple solutions have been elusive: in the
past decade, the increasing understanding of PD patho-
genesis and clinical manifestations, the improvement in
neuroimaging techniques, and the advances in basic sci-
ences have led to a vertiginous increase in knowledge in
the field of GBA-related PD, increasing the complexity
of the problem rather than simplifying it. In parallel
with clinical observations, current evidence in neuroim-
aging suggests a faster progression in GBA-PD,
although the details of such progression (eg, the patho-
genesis, pattern of progression, which tools are better
to capture it, and which patients are at higher risk)
must be determined. Cognitive impairment, a “clinical
signature” of GBA-PD, seems to find its neuroimaging
correlate in the greater cortical burden displayed by
these patients as compared to other forms of
PD. Undoubtedly, as extensively discussed, these
aspects have been systematically investigated, whereas
others might have been overlooked, and uneven
matching of samples might account for some of these
findings. Further studies implementing molecular imag-
ing of protein accumulation, structural and functional
connectivity, genetic expression profile, and the
activity-related metabolic demand of specific brain
regions will play a central role in the definition of vul-
nerability and understanding the progression of the dis-
ease, from the preclinical to the advanced stages, to
identify pathogenic processes and cerebral regions
implicated in the different and multifarious manifesta-
tions of PD.>® Larger, international, studies with better
trail design, exploring more genetic variants, and with a
longitudinal design are warranted to achieve a complete
scenario of how the most common factors might con-
tribute to the observed clinical and neuroimaging pro-
file of GBA-PD patients, to uncover neurodegeneration
mechanisms and to allow the development of new ther-
apeutic strategies. @

Data Availability Statement

Data sharing not applicable to this article as no
datasets were generated or analysed during the current
study
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