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Abstract

Background: Parkinson’s disease (PD) exhibits remarkable clinical heterogeneity, with
substantial variability in motor progression, cognitive decline, and the development of
non-motor manifestations. Although the propagation of pathological alpha-synuclein
is considered a central mechanism of PD pathogenesis, it does not fully explain why
specific neuronal populations demonstrate differential susceptibility to degeneration.
Emerging evidence suggests that selective neuronal vulnerability is determined by the
interaction of multiple biological domains, including calcium homeostasis, mitochon-
drial bioenergetic capacity, lysosomal function, axonal architecture, synaptic resilience,
and neuroinflammatory responses. Methods: A structured critical narrative review
was performed using PubMed /MEDLINE, Scopus, and Web of Science databases from
inception to March 2025. Only full-text articles published in English and peer-reviewed
journals were included. Evidence from human post-mortem studies, genetic analyses,
biomarker investigations, experimental models, induced pluripotent stem cell stud-
ies, and longitudinal clinical cohorts were systematically synthesised to identify the
principal mechanisms underlying selective neuronal vulnerability and their potential
translational application. To capture evidence published after this electronic cut-off, a
supplementary manual review of reference lists of key systematic reviews and landmark
publications was conducted up to the date of manuscript submission; references with
2025 or 2026 publication dates entered through this supplementary process. The sup-
plementary manual review was conducted as a targeted scan of reference lists of key
systematic reviews and high-impact publications identified during the primary search
and did not constitute an independent updated systematic search. Results: Five inter-
connected biological domains emerged as key determinants of neuronal susceptibility in
PD: calcium-mediated metabolic stress associated with autonomous pacemaker activity,
mitochondrial dysfunction and energetic failure, impaired lysosomal degradation and
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proteostasis (particularly involving the GBAl-glucocerebrosidase pathway), vulner-
ability related to extensive axonal and synaptic architecture, and neuroinflammatory
mechanisms involving microglial and astrocytic activation. Among these domains, the
lysosomal pathway currently provides the strongest translational link between molecular
mechanisms and measurable clinical outcomes. Based on this integrated framework,
we propose the Parkinson’s Vulnerability Index (PVI), a hypothesis-generating multi-
dimensional model combining genetic, enzymatic, alpha-synuclein seeding, cognitive,
olfactory, and neuroimaging biomarkers to facilitate biological stratification and im-
prove the design of mechanism-targeted clinical trials. Conclusions: Selective neuronal
vulnerability provides a complementary framework to alpha-synuclein propagation
models for understanding the heterogeneity of PD. The proposed PVI is not intended as
a diagnostic or prognostic clinical instrument but as a research tool requiring prospective
validation. Future precision medicine approaches in PD may benefit from integrating
vulnerability-related biomarkers with existing biological staging systems to identify
patients most likely to benefit from targeted disease-modifying therapies.

Keywords: Parkinson’s disease; selective neuronal vulnerability; alpha-synuclein; neurode-
generation; lysosomal dysfunction; GBA1; glucocerebrosidase; mitochondrial dysfunction;
neuroinflammation; biomarkers; precision medicine; Parkinson’s Vulnerability Index

1. Introduction
1.1. Parkinson’s Disease: From Pathological Spread to Clinical Heterogeneity

Parkinson’s disease (PD) affects approximately 10 million individuals worldwide,
and its global burden is expected to increase substantially as populations age [1,2].
Neuropathologically, PD is characterised by progressive degeneration of dopaminer-
gic neurons in the substantia nigra pars compacta (SNpc) and by the accumulation of
misfolded alpha-synuclein aggregates forming Lewy-type pathology. Although nigros-
triatal dopamine depletion accounts for the cardinal motor manifestations of the disease,
including bradykinesia, rigidity, and resting tremor, it does not adequately explain
the considerable variability in non-motor symptoms, cognitive decline, and rates of
disease progression.

Clinical heterogeneity represents one of the major unresolved challenges in PD.
Patients with apparently similar clinical presentations at diagnosis may follow markedly
different trajectories, ranging from slowly progressive tremor-dominant phenotypes to
rapidly evolving disease associated with early cognitive impairment, autonomic dys-
function, hallucinations, postural instability, or REM sleep behaviour disorder. Current
clinical and pathological staging systems provide valuable information regarding disease
extent but have limited capacity to predict individual disease progression.

1.2. Limits of Alpha-Synuclein Propagation Models

The most influential neuropathological model of PD progression remains the Braak
staging system, which proposes a stereotypical ascending spread of Lewy pathology from
the lower brainstem and olfactory regions to the midbrain and subsequently to limbic and
neocortical structures [3]. The concept of alpha-synuclein propagation is further supported
by experimental models demonstrating cell-to-cell transmission of pathological alpha-
synuclein aggregates, as well as by observations of Lewy-type pathology developing in
transplanted foetal dopaminergic neurons in patients with PD [4,5].
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However, propagation models alone do not fully explain the selective pattern of
neuronal degeneration observed in PD. Neuronal populations exposed to comparable
pathological environments may exhibit markedly different susceptibilities. For exam-
ple, dopaminergic neurons of the ventral tegmental area (VTA) are relatively preserved
compared with adjacent SNpc neurons, while calbindin-positive neuronal populations
demonstrate increased resistance compared with calbindin-negative ventral-tier SNpc neu-
rons [6]. Furthermore, not all patients follow the classical Braak sequence, highlighting the
existence of additional determinants of disease expression and progression [7].

1.3. Selective Neuronal Vulnerability as a Biological Explanation for Disease Variability

Increasing evidence suggests that the clinical heterogeneity of PD arises not only
from differences in alpha-synuclein distribution but also from intrinsic differences in neu-
ronal biological resilience. The capacity of individual neuronal populations to tolerate
pathological alpha-synuclein exposure appears to depend on multiple interacting mech-
anisms, including calcium homeostasis, mitochondrial and energetic reserve, lysosomal
protein clearance, axonal and synaptic architecture, and the inflammatory state of the local
cellular environment.

These mechanisms should not be considered as independent pathways but rather as
interacting components of the neuronal biological reserve. When multiple vulnerability
domains become impaired, neurons may lose the ability to maintain proteostasis, energy
production, synaptic integrity, and resistance to inflammatory stress, ultimately resulting
in neurodegeneration.

1.4. From Mechanisms of Vulnerability to Biological Stratification

Recent advances in biological classification systems, including the SynNeurGe criteria
and the Neuronal alpha-Synuclein Disease Integrated Staging System (NSD-ISS), have
shifted PD research toward biomarker-based definitions incorporating alpha-synuclein
pathology, neurodegeneration, and genetic background [8,9]. The Movement Disorder
Society has further emphasised both the opportunities and the challenges associated with
implementing biological definitions of PD in research and clinical contexts [10]. Recent
validation studies involving cohorts such as PPMI, PASADENA, and SPARK have further
supported the potential utility of biologically based staging approaches while highlighting
the need for rigorous prospective validation [11].

Despite these important developments, current frameworks primarily define dis-
ease presence and stage rather than explaining why some individuals experience a more
aggressive neurodegenerative course. A complementary approach may therefore be to
identify measurable biological determinants of neuronal susceptibility that could improve
prognostic stratification and facilitate mechanism-based clinical trials.

1.5. Aim of the Review and Proposed Conceptual Framework

The aim of this review is to critically examine the mechanistic basis of selective
neuronal vulnerability in Parkinson’s disease and to explore how these mechanisms
may be translated into biomarker-based patient stratification. Specifically, this review
integrates evidence from human post-mortem studies, genetic and biomarker research,
experimental models, and induced pluripotent stem cell studies to examine five major
domains of vulnerability: calcium dysregulation, mitochondrial dysfunction and en-
ergetic failure, impaired lysosomal clearance, axonal and synaptic susceptibility, and
neuroinflammatory mechanisms.

Based on the integration of these biological domains, we propose the Parkinson’s
Vulnerability Index (PVI) as a hypothesis-generating research framework intended to
support future biomarker stratification and trial enrichment. Importantly, the PVI should
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not be considered a validated diagnostic or prognostic tool, and its application in clinical
practice requires prospective validation and independent evaluation.

2. Materials and Methods
2.1. Study Design and Conceptual Framework

This article was designed as a structured critical narrative review aimed at in-
tegrating current evidence regarding the mechanisms underlying selective neuronal
vulnerability in Parkinson’s disease and evaluating their potential application for biolog-
ical stratification and precision medicine approaches. A narrative review methodology
was deliberately selected because the central objective of this work was not solely to
quantify existing evidence, but to integrate multidisciplinary findings derived from hu-
man neuropathological studies, genetic investigations, molecular and cellular research,
experimental models, biomarker studies, and longitudinal clinical cohorts. Given the
heterogeneity of study designs, experimental models, and outcome measures across the
included literature, a quantitative meta-analysis would be methodologically inappro-
priate and potentially misleading. A narrative synthesis is therefore the most suitable
approach for addressing the multifactorial nature of selective neuronal vulnerability
in PD.

We acknowledge that our structured search strategy and transparent reporting of
selection decisions create an expectation of systematic review methodology. However,
the hybrid approach involving a structured critical narrative review with systematised
search and selection transparency was chosen to balance methodological rigour with the
interpretive flexibility required to integrate evidence across multiple biological domains
and study types. To meet this expectation, we have enhanced our methodological reporting
and provided supplementary materials that align with PRISMA-level transparency to an
extent feasible for a narrative review.

A narrative review methodology was deliberately selected because the central objec-
tive of this work was not solely to quantify existing evidence, but to integrate multidisci-
plinary findings derived from human neuropathological studies, genetic investigations,
molecular and cellular research, experimental models, biomarker studies, and longitudinal
clinical cohorts.

The review was conducted according to principles of methodological transparency
and scientific rigour commonly recommended for high-quality narrative reviews, in-
cluding a predefined search strategy, explicit eligibility criteria, structured evidence
extraction, thematic synthesis, and critical interpretation of the translational relevance of
available data. The review was conducted according to the principles of methodological
transparency and scientific rigour commonly recommended for high-quality narrative
reviews, including a predefined search strategy, explicit eligibility criteria, structured
evidence extraction, thematic synthesis, and critical interpretation of the translational
relevance of available data. A flow diagram of the complete search and selection strategy
is provided as Figure 1.

2.2. Literature Sources and Search Strategy

A comprehensive literature search was performed using the following
electronic databases:
e PubMed/MEDLINE;
e  Scopus;
e  Web of Science.

The literature search included articles published from database inception until
March 2025.
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Only articles published in the English language and available as full-text publications
in peer-reviewed journals were considered eligible for inclusion.

The search strategy was developed to identify studies investigating selective neuronal
vulnerability, alpha-synuclein pathology, molecular mechanisms of neurodegeneration,
biomarkers, disease heterogeneity, and biological stratification in PD. The term “Lewy
pathology” was used as a primary search term because it encompasses the full spectrum
of alpha-synuclein inclusion pathology including Lewy bodies, Lewy neurites, and pale
bodies, consistent with current neuropathological consensus terminology; supplementary
searches also used “Lewy body disease” and “Lewy body pathology/pathophysiology” to
ensure full coverage. Environmental and demographic modifiers of neuronal vulnerability
(pesticide and toxin exposure, traumatic brain injury, age, sex, demographics) were incor-
porated into the search to reflect the breadth required for the proposed PVI framework. A
brief clarification on terminology is warranted.

IDENTIFICATION
Records identified from databases (n = 3,503)
E * PubMed/MEDLINE (n = 1,147)
@~ * Scopus (n = 1,432)

* Web of Science (n = 924)

- Records removed before screening:
m’ « Duplicate records removed (n = 1,619)

* Records marked as ineligible by automation tools (n = 0)
L « Records removed for other reasons (n = 0)

SCREENING

- C =5 - T BEEEREE

_

g ATy e Records excluded (n = 1,621):
| Outside scope of PD neuronal vulnerability (n = 834)
% (n=1,884) = Non-English language (n = 287)
Conference abstract or letter without
| primary data (n = 312)
l % |« Fulltext unavailable (n = 188)

. | p
@ Reports sought for retrieval i_} | Reports not retrieved (n = 0)
(n = 263)

l Reports excluded (n = 184):

E Reports assessed \ « Insufficient mechanistic relevance (n = 91)
|
o . — No primary research data (n = 42)
for eligibility (n = 263 |
© g v ) | * Methodology not meeting quality criteria (n = 31)

— 4 + Duplication of previously included
dataset (n = 20)

INCLUDED

N Reports included from
% electronic search (n = 79)

Additional records via supplementary
manual screening (n = 35)

TOTAL REPORTS INCLUDED IN NARRATIVE SYNTHESIS (n = 114) ‘

Figure 1. Flow diagram of study identification and selection for the structured critical narrative
review. Database searches were conducted in PubMed /MEDLINE, Scopus, and Web of Science from
inception to March 2025. Supplementary manual screening of reference lists of key reviews and
landmark publications was conducted to capture evidence published after the electronic search cut-
off, extending to the date of manuscript submission. The distinction between the primary systematic
search and the supplementary manual screening is indicated. SAA = seed amplification assay;
PD = Parkinson’s disease. Record counts are reported in Section 2.4. Source: scientific illustrations
were generated using BioRender software (BioRender, Toronto, Canada; Version 2026.07.06). The
platform was accessed on 6 August 2026 for the creation of this figure.
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The term “Lewy body diseases” refers primarily to a defined group of clinical disease
entities, principally Parkinson’s disease, dementia with Lewy bodies, and Parkinson’s
disease dementia; it carries implicit nosological boundaries that would have narrowed
the search in ways inappropriate for the objectives of this review. Similarly, “Lewy body
pathophysiology” directs attention toward mechanistic pathways of established disease
processes rather than toward the full range of alpha-synuclein inclusion pathology that
characterises selective neuronal vulnerability across synucleinopathies.

By contrast, “Lewy pathology” is a purely descriptive, pathology-anchored term
that captures the presence of Lewy bodies, Lewy neurites, and pale bodies without pre-
supposing a specific disease entity, disease stage, or clinicopathological correlation. This
makes it the most appropriate primary search term for a review whose central question
concerns cell-intrinsic determinants of susceptibility to alpha-synuclein inclusion formation
across neuronal populations, irrespective of which disease label applies to the affected
individual. The supplementary searches using “Lewy body disease” and “Lewy body
pathology /pathophysiology” were conducted to capture any relevant evidence that may
have been indexed under those alternative terms and not retrieved by the primary search,
ensuring that the choice of primary term did not inadvertently exclude relevant literature.

The following filters were applied: English language; full-text availability; peer-
reviewed journals; human, animal, or in vitro studies; publication date from database
inception to March 2025. No study design filters were applied to ensure comprehensive
coverage of the heterogeneous evidence base:

(“Parkinson’s disease” OR “Parkinson disease”) AND (“selective neuronal vul-
nerability” OR “neuronal susceptibility” OR “neuronal resilience” OR “dopaminergic
neuron degeneration” OR “substantia nigra pars compacta”) AND (“alpha-synuclein”
OR “Lewy pathology” OR “protein aggregation”) AND (“calcium dysregulation” OR
“mitochondrial dysfunction” OR “oxidative stress” OR “lysosomal dysfunction” OR
“autophagy impairment” OR “axonal degeneration” OR “synaptic dysfunction” OR
“neuroinflammation” OR “microglial activation”) AND (“biomarkers” OR “disease pro-
gression” OR “patient stratification” OR “precision medicine”). AND (“environmental
factors” OR “environmental exposure” OR “pesticide exposure” OR “toxin exposure”
OR “MPTP” OR “rotenone” OR “paraquat” OR “traumatic brain injury” OR “head
trauma” OR “age at onset” OR “age” OR “sex” OR “gender” OR “demographics” OR
“cognitive reserve” OR “GBA1” OR “glucocerebrosidase” OR “LRRK2” OR “genetic risk
factors” OR “disease heterogeneity”)

Additional manual screening of the reference lists of relevant reviews and landmark
studies was performed to identify important publications that might not have been captured
by the electronic database search. The search strategy incorporates environmental and
demographic terms (including pesticide and toxin exposure, traumatic brain injury, age at
onset, sex, and cognitive reserve) and genetic risk factor terms (GBA1, glucocerebrosidase,
LRRK?) in the AND clause of the search string reported above.

2.3. Eligibility Criteria
Inclusion Criteria

Studies were eligible for inclusion if they fulfilled one or more of the following criteria:

1. Original peer-reviewed articles investigating mechanisms of selective neuronal vul-
nerability in PD.

2. Human post-mortem neuropathological studies evaluating regional patterns of alpha-
synuclein accumulation, neuronal loss, and differential neuronal susceptibility.

3. Genetic studies evaluating pathogenic mutations, genetic risk factors, and molecular
pathways associated with neuronal vulnerability or resilience.

https://doi.org/10.3390 /medsci14040489
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4. Experimental studies using:

Animal models of alpha-synuclein pathology;
Toxin-based models of dopaminergic degeneration;
Cellular models;

Induced pluripotent stem cell (iPSC)-derived neuronal systems.
5. Clinical studies evaluating:

Disease phenotypes;

Progression trajectories;

Motor and non-motor heterogeneity;
Imaging biomarkers;

Fluid biomarkers (CSF, blood, and peripheral tissue markers).

6. Longitudinal cohort studies evaluating predictors of disease progression.

7. High-quality systematic reviews, meta-analyses, and landmark conceptual articles
considered essential for understanding the historical development of selective neu-
ronal vulnerability concepts.

Exclusion Criteria

Studies were excluded if they met one or more of the following criteria:

e Publications not related to Parkinson’s disease or alpha-synuclein-associated
neurodegeneration.

e  Studies focusing exclusively on symptomatic treatment without mechanistic implica-
tions for neuronal vulnerability.

e  Studies not available in English.

e  Conference abstracts, meeting proceedings, editorials, letters to the editor, and expert
opinions lacking original scientific data.

e  Articles without accessible full text.

e  Studies with insufficient methodological details preventing adequate interpretation
of results.

e  Duplicate publications or redundant datasets.

e  Studies exclusively involving other neurodegenerative disorders without direct trans-
lational relevance to PD.

2.4. Study Selection Process

The selection process consisted of multiple sequential stages. Database search
(PubMed/MEDLINE, Scopus, Web of Science; electronic search completed: March 2025):
total records identified across all three databases = 3503 (PubMed /MEDLINE: n = 1147;
Scopus: n = 1432; Web of Science: n = 924). Duplicate removal: duplicates identified
and removed using reference management software = 1619; records remaining after
deduplication = 1884. Title and abstract screening: records screened = 1884; records
excluded = 1621; principal reasons for exclusion: outside the scope of PD neuronal vul-
nerability, non-English language, conference abstract or letter without primary data, full
text unavailable; records taken forward to full-text review = 263. Full-text eligibility
assessment: full texts assessed = 263; full texts excluded = 184; principal reasons for
exclusion: insufficient mechanistic relevance to selective neuronal vulnerability in PD,
no primary research data, methodology not meeting minimum quality criteria, dupli-
cation of a previously included dataset; studies included from electronic search = 79.
Additional records identified via targeted manual screening of reference lists of key
reviews and landmark publications, covering post-March 2025 evidence up to the date
of manuscript submission = 35. Total studies included in narrative synthesis = 114, com-
prising the following distribution by study type: human post-mortem neuropathological
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studies = 24; genetic and genomic studies = 18; experimental animal or toxin-based mod-
els = 15; cellular or iPSC-derived neuronal models = 12; biomarker and neuroimaging
studies = 22; longitudinal clinical cohort studies = 15; systematic reviews and meta-
analyses included for contextual synthesis = 8. Screeners: title and abstract screening
and full-text eligibility assessment were performed independently by two screeners (A.
Vamanu, Basic and Clinical Neuroscience, IoPPN, King’s College London, London; A.
Ciubotaru, Grigore T. Popa University of Medicine and Pharmacy, lasi). Disagreement
resolution: In cases of disagreement between the two reviewers, consensus was reached
by discussion. Unresolved disagreements were adjudicated by the senior author (L.
Livint-Popa). No formal inter-rater reliability statistic was calculated, consistent with
the narrative review design. A PRISMA 2020 flow diagram summarising the selection
process is recommended and may be required by the editorial team.

First, all records identified through database searches were screened based on their
title and abstract. Publications clearly unrelated to PD, neuronal vulnerability, or biomarker
stratification were excluded.

Second, the full texts of potentially relevant studies were independently evaluated for
scientific relevance, methodological quality, and contribution to the predefined domains
of vulnerability.

When multiple publications addressed similar mechanisms, preference was given to
studies with:

Larger sample sizes;

Longitudinal design;

Robust experimental methodology;
Replication across independent cohorts;

Greater translational relevance.

Seminal historical studies establishing fundamental concepts, such as Braak staging,
alpha-synuclein propagation, and major genetic discoveries, were retained regardless
of publication date due to their importance in understanding current models of PD
pathogenesis. Regarding screening: Title and abstract screening and full-text eligibil-
ity assessment were performed independently by two reviewers (A. Vamanu and A.
Ciubotaru), as detailed in Section 2.4 above. Formal quality assessment using validated
tools (e.g., Newcastle-Ottawa Scale) was not applied; quality was evaluated by assessing
replication, sample size adequacy, experimental rigour, and consistency with human
neuropathological data. The final distribution of included evidence by study type is
reported in Section 2.4 above. Studies were not pooled quantitatively; synthesis was
narrative and thematic, consistent with the narrative review design. No formal registra-
tion of the review protocol was completed prior to the search; no formal protocol was
prospectively registered.

2.5. Data Extraction and Evidence Synthesis

Data were systematically extracted from eligible studies according to the
following variables:
Study design;
Experimental model or patient population;
Sample characteristics;
Biological pathway investigated;
Principal mechanistic findings;
Associated biomarkers;
Relationship with neuronal susceptibility or resilience;

Potential implications for patient stratification.

https://doi.org/10.3390 /medsci14040489
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Because of the expected heterogeneity of the included studies regarding design,
methodology, biological models, and outcome measures, a quantitative meta-analysis
was not considered appropriate.

Instead, evidence was synthesised using a thematic biological framework, integrating
data across complementary research levels:

Human neuropathology;
Genetics and genomics;
Molecular biology;
Cellular and iPSC models;
Animal studies;

Neuroimaging;
Fluid and tissue biomarkers;

e Longitudinal clinical cohorts.

The strength of evidence was interpreted according to reproducibility across indepen-
dent studies, consistency between experimental and human data, biological plausibility,
and translational potential.

2.6. Identification of Major Domains of Selective Neuronal Vulnerability

The five principal domains discussed in this review were selected based on the con-
vergence of evidence from neuropathological, molecular, genetic, and biomarker studies.
The selection was guided by three explicit operational criteria: (1) reproducibility across
multiple independent biological platforms including human post-mortem tissue, animal
models, cellular systems, and clinical biomarker studies; (2) a direct demonstrated link
between the mechanism and differential neuronal susceptibility in PD; (3) translational
potential, defined as the existence of at least one measurable biomarker or pharmacological
target accessible in living patients. No formal statistical tests were performed to select or
validate the five domains. No Delphi consensus procedure, inter-rater reliability analysis,
quantitative evidence mapping, or systematic scoring of candidate mechanisms against the
three criteria was carried out.

The convergence decision was reached through a structured iterative evidence-
synthesis process conducted by the primary authorship team (A. Vamanu and A. Ciubo-
taru), comprising the following sequential steps: First, a long list of candidate biological
mechanisms with documented roles in PD pathogenesis was compiled from existing re-
views, mechanistic studies, and genetic analyses identified during the literature search. This
long list included all mechanisms included in the five domains as well as those classified
as excluded or nested (dopamine oxidation, iron and ferroptosis, ER stress, UPS function,
vesicular trafficking, DNA damage, neurovascular mechanisms, ageing, sex, epigenetic
state, and co-occurring proteinopathies).

Second, each candidate mechanism on the long-list was independently assessed
against the three pre-specified criteria. For the reproducibility criterion, the team eval-
uated whether convergent evidence existed across at least two independent biological
platforms (e.g., human post-mortem tissue AND experimental models, or genetics
AND biomarker studies). For the differential vulnerability criterion, the team assessed
whether the mechanism specifically predicted which cell populations would degen-
erate compared with those that would be spared, not just whether it contributed to
neurodegeneration in general. For the translational potential criterion, the team assessed
whether a patient-measurable biomarker or pharmacological target existed that was
linked to that mechanism. Third, mechanisms meeting all three criteria were included as
primary domains.

https://doi.org/10.3390 /medsci14040489
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Mechanisms meeting fewer than three criteria were classified as either nested within
an existing domain (where mechanistic overlap justified this) or excluded with documented
justification (detailed in Section 2.6 above). Fourth, the initial domain selection was re-
viewed and discussed by the full authorship team, with particular attention to whether
any mechanism meeting all three criteria had been inadvertently omitted and whether the
nested /excluded classifications were justified. This review did not change the five primary
domains but refined the justification provided for each exclusion and nesting decision. The
authors acknowledge that this process represents a structured expert evidence-synthesis
judgement rather than a fully algorithmic or independently validated domain selection
procedure. The absence of formal statistical testing or consensus methodology means that
the domain selection carries an inherent risk of subjective bias and cannot be considered
reproducible in a strict methodological sense.

This is an appropriate limitation of the narrative review design and is consistent with
the declared methodology; however, it means that the five domains should be understood as
a structured expert proposal for future prospective validation rather than as an empirically
derived and externally validated framework. Future iterations of this work should consider
applying a formal consensus methodology such as a Delphi process to achieve a more
reproducible and externally validated domain selection.

These domains include:

Calcium dysregulation and pacemaker-associated metabolic burden;
Mitochondrial dysfunction and impaired cellular bioenergetics;

Lysosomal dysfunction and defective proteostasis;

Axonal architecture, synaptic vulnerability, and impaired neuronal connectivity;

SRR .

Neuroinflammation and glial-mediated mechanisms of neuronal injury.

Although discussed as separate categories, these mechanisms represent highly in-
terconnected biological networks contributing collectively to neuronal resilience or sus-
ceptibility. Several additional candidate mechanisms were considered but classified as
subsumed within the five domains or as insufficiently characterised for independent strati-
fication. Dopamine oxidation and quinone formation are nested within the mitochondrial
domain [11]. Iron accumulation and ferroptosis are considered within the neuroinflamma-
tory framework. Endoplasmic reticulum stress, ubiquitin—proteasome system impairment,
and vesicular trafficking defects overlap substantially with the lysosomal domain. DNA
damage responses, neurovascular mechanisms, epigenetic state, sex, and co-occurring
proteinopathies (amyloid-beta, tau, TDP-43) are important vulnerability modifiers acknowl-
edged in the Discussion section but excluded from the primary PVI domains, because
validated stratifying biomarkers in living patients are not yet consistently available.

A detailed justification for the classification of each candidate mechanism is provided
below. Dopamine oxidation and quinone formation (nested within the mitochondrial
domain). Cytosolic dopamine leaks from storage vesicles and oxidises spontaneously,
producing reactive dopamine quinones that covalently modify alpha-synuclein, inhibit
the proteasome, and directly impair mitochondrial Complex I function. This mecha-
nism is not independent of the mitochondrial vulnerability domain but rather represents
one of the principal upstream drivers of the energetic failure already captured by that
domain. Including it as a separate scoring variable would introduce double-counting.
No validated patient-level biomarker specifically captures dopamine oxidation status
in vivo; neuromelanin-sensitive MRI is an emerging proxy but has not been validated as
a vulnerability stratification tool. Iron accumulation and ferroptosis (nested within the
neuroinflammatory and oxidative stress domain).
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Iron accumulation in the SNpc is a well-documented feature of PD, and elevated
iron promotes lipid peroxidation through Fenton chemistry, which can trigger ferroptosis
(iron-dependent regulated cell death). This mechanism is mechanistically coupled to the
neuroinflammatory environment: activated microglia accumulate iron, which promotes
oxidative stress that amplifies microglial activation, and the resulting lipid peroxidation
products exacerbate local inflammatory signalling. Neuroimaging markers of iron accu-
mulation (R2*, SWI) are under investigation in PD but have not yet been validated as
independent predictors of differential neuronal vulnerability in living patients beyond
what existing neuroinflammatory markers capture. Endoplasmic reticulum stress (nested
within the lysosomal and proteostatic domain).

ER stress and unfolded protein response activation occur when misfolded proteins
accumulate beyond the ER’s handling capacity. In PD, mutant alpha-synuclein and
deficient GCase trafficking from ER to Golgi to lysosome are direct causes of ER stress,
making this mechanistically downstream of lysosomal dysfunction rather than an
independent domain. ER-associated degradation failure also feeds burden onto the
autophagy-lysosomal pathway. No validated independent biomarker for ER stress in
living PD patients exists at present. The ubiquitin—proteasome system function (nested
within the lysosomal and proteostatic domain) and the autophagy-lysosomal pathway
(ALP) are compensatory and interconnected degradation systems that share substrate
overlap, including alpha-synuclein.

When lysosomal clearance is impaired, proteasomal burden increases, and vice
versa. In GBA1-PD, both lysosomal and proteasomal function are impaired as part
of the same convergent proteostatic failure. Treating the UPS as a separate scoring
domain would require an independent patient-level biomarker, which does not cur-
rently exist. Vesicular trafficking (nested within the lysosomal and proteostatic do-
main). LRRK2 G2019S hyperphosphorylates Rab GTPases that regulate vesicular traf-
ficking to and from lysosomes. GCase misfolding impairs its trafficking from ER to
Golgi and onward to lysosomes. Vesicular trafficking defects are therefore mechanis-
tic subcomponents of lysosomal vulnerability that are already partially captured by
GCase activity and LRRK2 genotype, and they have no independent validated patient-
level biomarker. DNA damage responses (excluded; insufficient evidence for selective
neuronal vulnerability).

DNA double-strand breaks, impaired base excision repair, and mitochondrial DNA
damage have been reported in PD models and post-mortem tissue, but a reproducible
demonstration that DNA damage response status specifically predicts differential vul-
nerability across neuronal populations in human PD is lacking across the three criteria
applied in this review. No validated patient-level biomarker for DDR-based neuronal
vulnerability in PD exists. Neurovascular mechanisms are excluded, acting as vul-
nerability modifiers rather than a cell-intrinsic determinant. Neurovascular coupling,
blood-brain barrier integrity, and microvascular function are important context-level
modifiers of PD progression.

However, they represent properties of the cellular and vascular microenvironment
rather than cell-intrinsic determinants of differential alpha-synuclein susceptibility across
defined neuronal populations, which is the criterion applied in domain selection. Ageing
(excluded as a scored domain; treated as a universal biological modifier). Ageing is
the dominant risk factor for PD and modulates all five selected vulnerability domains
(increasing calcium load, reducing mitochondrial reserve, impairing lysosomal clearance,
reducing axonal transport fidelity, and amplifying neuroinflammatory tone).
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However, ageing is not a cell type-specific vulnerability mechanism but a universal
biological context in which the five selected mechanisms operate with increasing impact.
Including age as a sixth scoring domain would conflate a non-specific universal modifier
with the cell-intrinsic mechanisms the framework aims to capture. Age at onset and
disease duration are best handled as covariates in the statistical models used to validate
the candidate variable set, not as scored items. Sex is excluded as a scored domain, and is a
potential covariate in validation.

Male sex is associated with higher PD incidence, and oestrogen has neuroprotective
effects on dopaminergic neurons in experimental models, likely mediated through mito-
chondrial and anti-inflammatory pathways. However, sex has not been specifically linked
to differential neuronal vulnerability across defined cell populations in a manner that pro-
duces a measurable patient-level biomarker for stratification. Sex should be included as a
covariate and stratification variable in any prospective validation of the candidate variable
framework. Epigenetic state (excluded; insufficient translational biomarker evidence).
SNCA promoter methylation, histone modifications, and non-coding RNA regulation
contribute to alpha-synuclein expression variability and may modulate differential vul-
nerability. However, reproducible evidence for a specific, cell-type-selective epigenetic
vulnerability mechanism that can be measured in living patients with current technology is
lacking. This domain is appropriate for future iterations of the framework as epigenetic
profiling methods in accessible biological samples mature.

Concomitant proteinopathies (amyloid-beta, tau, TDP-43) are excluded as primary
vulnerability domains but are essential as covariates in PVI validation. Co-pathological
burden substantially modifies PD clinical course, particularly cognitive trajectory, and
validated fluid and imaging biomarkers exist for all three proteins (CSF A342, Ap342/Ap40
ratio, CSF p-taul81, p-tau217, amyloid PET, tau PET, and emerging TDP-43 biomarkers).
However, these represent extrinsic pathological co-occurrences that modify how existing
neuronal vulnerability expresses clinically, rather than cell-intrinsic properties that deter-
mine susceptibility to alpha-synuclein pathology specifically. Their exclusion from the core
vulnerability domains does not diminish their importance; on the contrary, they must be
incorporated as essential covariates in any validation study where cognitive progression
is the outcome of interest. Without adjusting for amyloid, tau, TDP-43, APOE genotype,
and vascular burden, the independent contribution of vulnerability markers to cognitive
outcomes cannot be properly evaluated. This is not merely a methodological nicety but a
fundamental requirement for valid inference: failure to include these covariates would risk
attributing to vulnerability markers an effect that is actually driven by co-pathology. Future
model development should therefore test whether adding co-pathological biomarkers
improves prediction of cognitive outcomes beyond the five primary vulnerability domains
alone, and whether the vulnerability markers remain significant predictors after covariate
adjustment. Section 5.2 provides a detailed framework for the inclusion of these covariates
in validation studies.

2.7. Development of the Parkinson’s Vulnerability Index (PVI)

The Parkinson’s Vulnerability Index (PVI) was developed as a conceptual research
model derived from the integration of the identified vulnerability domains. The develop-
ment of the PVI was motivated by a specific and clearly identifiable clinical and scientific
gap. Parkinson’s disease is currently classified using clinical criteria and, more recently,
biological staging systems (SynNeurGe, NSD-ISS) that define disease presence and stage
based on the distribution of alpha-synuclein pathology, dopaminergic neurodegeneration,
and associated genetic markers. These systems are valuable for determining whether a
patient has PD and how far it has progressed structurally and biologically.
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However, they do not directly address a question of growing clinical importance:
among patients who already meet criteria for PD at diagnosis, why do some develop
dementia within five years while others remain cognitively intact for two decades? Why
do some develop a severe non-motor phenotype while others follow a predominantly
tremor-dominant, slowly progressive course? These differences in clinical trajectory within
the PD spectrum cannot be adequately explained by alpha-synuclein spread models alone
and are not predicted by current staging systems at the individual patient level.

The central hypothesis driving the PVI design is that these individual differences
in clinical trajectory reflect differences in the biological vulnerability of specific neuronal
populations: their capacity to resist alpha-synuclein pathology given their genetic make-up,
lysosomal function, mitochondrial reserve, axonal architecture, and local inflammatory
microenvironment. If this hypothesis is correct, measuring biological vulnerability at or
near the time of diagnosis should provide prognostic information that is complementary
to, and partially independent of, existing staging markers.

A second motivating observation was the consistent failure of neuroprotective clinical
trials in PD to show disease-modifying effects in broad, clinically defined populations. Trials
enrolling patients by diagnosis alone, without pre-specifying which biological mechanism
was most active in each participant, enrol mechanistically heterogeneous populations
that dilute the therapeutic signal of mechanism-targeted interventions to the point of
non-detectability.

A vulnerability stratification tool could enable enriched enrolment of the subgroups
most likely to respond to each mechanism-targeted agent. These two motivating observa-
tions shaped the key design choices of the PVI. The decision to combine genetic, enzymatic,
protein-seeding, imaging, olfactory, and cognitive measures into a single framework reflects
the multi-domain nature of neuronal vulnerability: no single biomarker captures the full bi-
ological risk profile at diagnosis. The decision to present the PVI as a hypothesis-generating
research framework rather than as a validated clinical tool reflects the current evidence state:
a strong biological rationale exists for each component, but the combination has never been
prospectively tested as a composite predictor and no empirical optimisation of weights
or thresholds has been performed. The decision to position the PVI as complementary to
SynNeurGe and NSD-ISS reflects the view that vulnerability biology operates within, not
instead of, the established alpha-synuclein and neurodegeneration framework.

The intended translational pathway is sequential: (1) prospective validation of the
composite PVI score in existing cohort studies (e.g., PPMI, Oxford Discovery) with pre-
specified clinical endpoints; (2) if validated, use of PVI-stratified enrolment in mechanism-
targeted clinical trials to test whether enriched populations show larger treatment effects
than heterogeneous ones; (3) only if steps (1) and (2) provide converging positive evidence,
with consideration of vulnerability stratification within clinical guidelines, as well as the
full ethical and counselling infrastructure the framework requires. The PV1is at step (1) of
this pathway and must not be used clinically outside a validation research protocol.

The proposed framework aims to organise biological determinants of neuronal suscep-
tibility into a multidimensional model incorporating molecular, cellular, genetic, imaging,
and fluid biomarker information.

Following the reviewer’s recommendation, we have restructured the proposed PVI
framework into four separate modules based on the temporal and biological nature of the
variables. This restructuring addresses the temporal inconsistency identified in the original
proposal, where baseline vulnerability markers were combined with longitudinal outcome
variables in a single composite index.
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Module 1: Vulnerability Biomarkers (Cell-Intrinsic Properties). These markers
reflect biological properties that exist before pathology is established and influence the
capacity of neurons to tolerate alpha-synuclein exposure. They are the primary targets
for enrichment in mechanism-targeted clinical trials. Included variables: GBA1 genotype,
LRRK?2 G2019S genotype, CSF GCase activity, dried blood spot GCase activity.

Module 2: Pathology and Staging Biomarkers (Active Disease Processes). These
markers reflect the current state of alpha-synuclein pathology and established neurodegen-
eration. They provide biological staging information that is complementary to vulnerability
markers. Included variables: CSF alpha-synuclein SAA (pathology marker), DAT-SPECT
striatal binding ratio (neurodegeneration marker).

Module 3: Baseline Clinical Measures (Current Functional Status). These markers re-
flect the patient’s functional status at the time of assessment. They are disease-state markers
that correlate with existing neurodegeneration but do not measure intrinsic vulnerability.
Included variables: MoCA score at diagnosis, UPSIT olfactory function.

Module 4: Prospective Outcome Measures (Longitudinal Change). These variables
represent changes that occur over time and cannot be scored at baseline. They are the
outcomes to be predicted rather than components of a predictive index. Included variables:
12-month MoCA decline (>2 points), informant-corroborated cognitive concern emerging
during follow-up.

Important: The PVI score should be calculated using only Modules 1, 2, and 3 at
baseline. Module 4 variables are not components of the baseline PVI score; they are out-
come measures to be used in prospective validation studies. The illustrative point weights
presented in this review apply only to Modules 1-3 and are hypothesis-generating values
requiring empirical optimisation in prospective cohort data. The combined baseline score
(Modules 1-3) should be tested for its ability to predict Module 4 outcomes, with the under-
standing that the relationship between baseline vulnerability and longitudinal outcomes
is the hypothesis to be tested, not a pre-existing assumption. This modular structure al-
lows separate evaluation of whether vulnerability markers (Module 1), pathology markers
(Module 2), or clinical state markers (Module 3) drive predictive performance, addressing
the circularity concern raised in the peer review process.

The assessment of each candidate mechanism against the three pre-specified criteria
is documented in Section 2.6, and the final classification decisions are justified there. The
modular structure of the PVIis designed to be complementary to existing staging systems
such as SynNeurGe and NSD-ISS, not to replace them. A patient could be classified
biologically by SynNeurGe or staged by NSD-ISS, then further stratified within a research
cohort by a vulnerability score based on Modules 1-3. Whether this additional layer
improves prediction beyond existing biological staging remains an empirical question and
is one of the central validation tasks proposed by this review.

Second, the proposed point weights reflect qualitative biological plausibility and
evidence maturity; they are not statistically derived regression coefficients and should not
be interpreted as empirically validated risk estimates. The weights are illustrative candidate
values intended to organise the variables into a testable research framework. Any future
validated vulnerability model must derive weights from prospective cohort data using
appropriate statistical methods (e.g., multivariable regression, survival analysis, or machine
learning) with internal and external validation. The relative weighting (e.g., 3 points for
high-risk GBA1 variants versus 1 point for SAA positivity) reflects the current relative
maturity of the evidence base for each marker, not an empirically derived contribution to
risk prediction. Third, biomarker thresholds are drawn from individual source studies and
require local recalibration—they are provisional research anchors, not universal clinical
cut-offs. The point values and thresholds presented in this review must not be used
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for individual patient management, genetic disclosure, or treatment decisions outside a
research protocol until prospective validation has been completed.

An important caveat regarding biomarker thresholds must be emphasised: the
biomarker measurements described in this review cannot be combined into a univer-
sal scoring system yet. The thresholds cited for GCase activity, alpha-synuclein SAA,
DAT-SPECT, MoCA, and UPSIT are derived from individual source studies using specific
assay platforms, patient populations, and laboratory conditions. These thresholds are not
interchangeable across laboratories, assay platforms, or patient populations without local
recalibration and independent validation. The proposed point weights are illustrative
and not derived from a unified dataset. Consequently, the PVI is presented as a concep-
tual framework for organising candidate biomarkers rather than a standardised scoring
instrument. Any future attempt to create a universal scoring system must address assay
standardisation, cross-platform comparability, and population-specific reference ranges
before the PVI can be meaningfully applied across different clinical and research settings.
The primary contribution of this review is therefore to identify which biomarkers should
be measured and how they might be combined, not to provide a validated algorithm for
their combination.

2.8. Quality Assessment and Methodological Considerations

Given the narrative nature of this review, a formal risk-of-bias assessment tool
used in systematic reviews (e.g., Cochrane Risk of Bias or Newcastle-Ottawa Scale) was
not applied.

However, studies were critically evaluated based on:

e  Methodological robustness;

e Adequacy of experimental design;

e  Sample size;

e  Replication of findings;

e  Consistency with human pathological data;
e  Translational relevance.

Greater weight was assigned to convergent evidence reproduced across multiple
methodological platforms, including human tissue studies, genetic analyses, biomarker
studies, and experimental models.

2.9. Methodological Limitations

The authors acknowledge that the narrative review design carries an inherent risk of
selection bias and does not provide quantitative effect estimates.

Additionally, heterogeneity among experimental models, patient populations,
biomarker assays, and clinical endpoints limits direct comparison between studies.

Nevertheless, this integrative methodology is particularly suitable for addressing the
multifactorial nature of selective neuronal vulnerability in PD, allowing the development
of a biologically oriented framework that bridges basic science discoveries with future
precision medicine applications.

To mitigate the risk of selection bias and enhance transparency, we have provided a
comprehensive evidence table listing all included studies with their design, population,
vulnerability domain, principal findings, limitations, and evidence level. Additionally,
we have documented all exclusion decisions with explicit counts and reasons in the flow
diagram (Figure 2). These measures allow readers to evaluate the evidentiary basis for
our conclusions and the comparative judgments regarding translational maturity of each
vulnerability domain.
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STEP 1: DATABASE SEARCH PubMed/MEDLINE (n=1147) | Scopus (n=1432) |
Web of Science (n = 924) Total records identified: n=3503 | Search date: inception to March

2025 Search terms: PD + selective neuronal vulnerability + alpha-synuclein + five mechanistic do-

mains + biomarkers + environmental factors + demographics
!
STEP 2: DEDUPLICATION Duplicates identified and removed: n = 1619 Records after deduplica-
tion: n = 1884
!
STEP 3: TITLE AND ABSTRACT SCREENING Records screened: n = 1884 | Records ex-

cluded: n=1,621 Reasons for exclusion: outside scope of PD neuronal vulnerability; non-English

language; conference abstract or letter; full text unavailable Records taken to full-text review: n =
263

!

STEP 4: FULL-TEXT ELIGIBILITY ASSESSMENT SUPPLEMENTARY MANUAL SCREENING Ref-

Full texts assessed: n = 263 Excluded after full-text erence lists of key reviews and landmark publica-
review: n = 184 Reasons: insufficient mechanistic tions Covering evidence to date of submission
relevance; no primary data; quality insufficient; (2025-2026) Additional records identified: n = 35
duplicate dataset Included from electronic search:
n=79

!
STEP 5: INCLUDED IN NARRATIVE SYNTHESIS Total studies included: n = 114 Screened by:

2 independent reviewers (A. Vamanu, A. Ciubotaru) Disagreements resolved by: discussion; sen-

ior author adjudication (L. Linvit-Popa) if required

!
STEP 6: DISTRIBUTION OF INCLUDED STUDIES BY TYPE

Human post-mortem neuropathological studies n=24
Genetic and genomic studies n=18
Experimental animal or toxin-based models n=15
Cellular or iPSC-derived neuronal models n=12
Biomarker and neuroimaging studies n=22
Longitudinal clinical cohort studies n=15
Systematic reviews and meta-analyses (contextual) n=38

TOTAL n=114

Figure 2. Decision-tree (algorithmic) representation of the literature search and selection strategy
for this structured critical narrative review. Database search was conducted in PubMed /MEDLINE,
Scopus, and Web of Science from inception to March 2025; supplementary manual screening extended
to date of manuscript submission. Record counts are reported in Section 2.4. SAA = seed amplification
assay; iPSC = induced pluripotent stem cell; PD = Parkinson’s disease.

3. Results: Five Biological Mechanisms of Selective
Neuronal Vulnerability

The five mechanisms described below each contribute to whether a neuron can tolerate
alpha-synuclein exposure. They should be understood as interacting forms of biological
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reserve rather than as isolated pathways. In vulnerable neurons, calcium stress, energetic
burden, impaired lysosomal clearance, long unmyelinated axonal architecture and inflam-
matory activation place their greatest functional burden on distal axonal and synaptic
compartments in neurons with long projection fields. These five mechanisms represent
fundamental cellular processes relevant across diverse cell types, including non-neuronal
cells and in vitro models without synaptic architecture; their clinical relevance in PD reflects
the exceptional metabolic demands of specific neuronal populations.

Early functional failure is most likely to become clinically detectable. These five mech-
anisms (calcium homeostasis, mitochondrial bioenergetics, lysosomal protein clearance,
vesicular and axonal transport, and inflammatory signalling) are fundamental cellular
processes that operate across diverse cell types, including non-neuronal cells and in vitro
systems that do not form synapses. Their demonstrated relevance in such models does not
diminish their importance in PD neurobiology.

The argument for selective neuronal vulnerability rests on a different premise: the
QUANTITATIVE BURDEN imposed on these housekeeping processes varies enormously
between cell types and that specific neuronal populations, particularly SNpc dopaminergic
neurons, impose an exceptional quantitative demand on each of these systems simulta-
neously. In non-neuronal cells and in most other neuronal populations, calcium influx is
modest and tightly regulated; in SNpc neurons, it is driven by lifelong autonomous pace-
making through L-type channels at a rate and amplitude that produces disproportionate
mitochondrial calcium loading.

Mitochondrial function must support energy demands across >150,000 unmyelinated
axonal terminals per neuron; in dividing cells or in shorter-projecting neurons, this demand
is orders of magnitude lower. Lysosomal clearance must handle high endogenous alpha-
synuclein concentrations under conditions of dopamine-mediated lysosomal impairment
that are specific to dopaminergic cells. The neuroinflammatory microenvironment of the
SNpc, with its exceptionally high microglial density and heightened baseline activation,
amplifies inflammatory stress to a degree not present in most other brain regions or in vitro
systems. This distinction between mechanism universality and quantitative burden also
explains why in vitro data showing these mechanisms operating in non-synaptic cells are
relevant to, but do not refute, the vulnerability argument. When GBA1-deficient iPSC-
derived dopaminergic neurons show greater susceptibility to alpha-synuclein PFF seeding
than cortical neurons from the same donor under identical conditions, this demonstrates a
cell type-intrinsic vulnerability that operates independently of synaptic architecture.

The vulnerability is real and measurable; what differs between cell types is the quanti-
tative context in which the same housekeeping machinery must operate, not the machinery
itself. The synaptic terminal is identified as the locus of early clinical consequences in PD
neurons specifically, not because the mechanisms only operate there, but because it is the
most distal and most energetically demanding compartment of the neuronal populations
most affected by PD, and therefore the site where cumulative housekeeping failure first
becomes functionally detectable (see Figure 2 and Table 1).

Table 1. Evidence profile for the five vulnerability mechanisms reviewed in this article.

Translational or Clinical

Domain Principal Mechanism Main Evidence Base
Correlate
. Human regional Biologically strong, but the
Aut.onornous pa.cemakmg and vulnerability patterns, negative STEADY-PD III
reliance on calcium channels L . ,
. . : . . calbindin sparing, and trial shows that target
Calcium handling increase mitochondrial . . ;
. . experimental studies of engagement and patient
oxidant stress in vulnerable . .
L-type and T-type selection remain
SNpc neurons. .
calcium channels. unresolved.
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Table 1. Cont.

Domain

Principal Mechanism

Main Evidence Base

Translational or Clinical
Correlate

Mitochondrial and
energetic capacity

Large axonal fields, dopamine
handling and impaired
Complex I activity create a
high energetic burden.

Human SNpc Complex I
deficiency, dopamine
oxidation studies and

experimental work linking
arborisation size
to vulnerability.

Highly plausible
mechanism; direct
patient-level biomarkers
for energetic vulnerability
remain limited.

Lysosomal clearance

Reduced GCase activity and
related lysosomal dysfunction
impair alpha-synuclein
degradation and can create a
bidirectional pathogenic loop.

Human genetics, GBA1
cohorts, enzyme activity
studies, post-mortem
pathology and
iPSC-derived
dopaminergic neurons.

Strongest translational
domain because GBA1 and
GCase link mechanism to
measurable clinical risk.

Axonal and synaptic
architecture

Long, thin, poorly myelinated
projections place synaptic
terminals at risk when
transport, energy supply or
local clearance fail.

Post-mortem synaptic
pathology, mitochondrial
dysfunction at synapses
and experimental
propagation studies.

Clinically important, but
living-patient measures of
synaptic vulnerability are

still emerging.

Local inflammatory
environment

Dense microglial populations
in the SNpc amplify
alpha-synuclein-triggered
cytokine and
oxidative responses.

Human single-nucleus
studies, microglial
activation data and
astrocyte reactivity

experiments.

Important modifier of
vulnerability; causal
direction and patient-level
inflammatory markers
require further validation.

Note: Evidence quality is based on reproducibility across independent platforms, sample sizes,
and consistency with human neuropathological data. Mechanisms are ordered from those with
the strongest translational biomarker evidence (lysosomal domain) to those with emerging but
not yet fully validated patient-level measures (axonal/synaptic and neuroinflammatory domains).
Abbreviations: GBA1 = glucocerebrosidase acid beta-1 gene; GCase = glucocerebrosidase enzyme;
iPSC = induced pluripotent stem cell; LRRK2 = leucine-rich repeat kinase 2; PD = Parkinson’s disease;
PFF = pre-formed fibrils; SNpc = substantia nigra pars compacta; STEADY-PD III = Safety, Tolerability
and Efficacy Assessment of Dynacirc CR for PD trial; VTA = ventral tegmental area.

3.1. Calcium Ouverload

Nerve cells in the SNpc need to fire continuously throughout life to keep dopamine
levels stable in the brain. As people age, these cells increasingly rely on L-type calcium
channels to support autonomous pacemaking, which increases calcium entry and places
sustained metabolic stress on mitochondria [12,13]. Excess intracellular calcium contributes
to mitochondrial oxidative stress and may facilitate alpha-synuclein aggregation, creating a
convergence between excitability, energy demand and protein handling.

Nerve cells that produce the calcium-buffering protein calbindin D28k can partially
buffer this calcium load and are therefore relatively protected, which helps explain the
pattern of selective cell loss seen in post-mortem brain studies [6]. A further calcium burden
may come from T-type calcium channels enriched in vulnerable SNpc neurons [14]. The
STEADY-PD III trial tested whether blocking calcium channels with isradipine could slow
PD progression, but did not demonstrate clinical benefit [15]. This result weakens the
immediate therapeutic argument for isradipine but does not remove calcium stress from
the biology of selective vulnerability.

3.2. Energy Failure in Long, Uninsulated Nerve Fibres

A single dopamine neuron in the human SNpc extends fibres that connect to over
150,000 target sites across the brain [16]. These fibres are largely unmyelinated and
therefore lack the myelin sheath that insulates most long-range axons; maintaining
electrical signalling across their full extent consequently imposes a disproportionate
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energy demand. Each connection point also requires local mitochondrial support, and
those mitochondria must be transported from the cell body to the distal axon and
synaptic terminal.

In PD, the main energy-producing complex inside mitochondria, Complex I, is
significantly impaired, and the deficit is particularly evident in the SNpc rather than
regions such as the cerebellum [17]. Alpha-synuclein can worsen this problem by ac-
cumulating in mitochondria and impairing Complex I function directly [18]. Work on
dopaminergic neuron architecture has shown that axonal arborisation size and metabolic
burden are major contributors to vulnerability [19]. Dopamine itself adds another haz-
ard: when cytosolic dopamine is oxidised, it produces reactive dopamine quinones
that can disrupt mitochondrial and lysosomal function [20]. Contemporary reviews of
alpha-synuclein biology and neuronal vulnerability increasingly place mitochondrial
stress, lysosomal dysfunction, calcium imbalance and synaptic failure into a shared
pathogenic framework [21,22].

3.3. Lysosomal Failure and the GBA1 Connection

Under physiological and pathological conditions, misfolded or damaged proteins,
including alpha-synuclein, accumulate over time. Whether alpha-synuclein is continuously
produced in misfolded form under normal conditions remains under investigation; cur-
rent evidence indicates that misfolding and aggregation are promoted by specific genetic,
metabolic, and environmental stressors rather than being constitutive processes. Under nor-
mal conditions, lysosomes and autophagy pathways break these proteins down and recycle
their components. Alpha-synuclein is partly handled through chaperone-mediated au-
tophagy, and impaired degradation of mutant or aggregated alpha-synuclein can promote
accumulation and toxicity [23].

The most common genetic risk factor linked to lysosomal vulnerability in PD is varia-
tion in the GBA1 gene, which encodes glucocerebrosidase (GCase). GBA1 mutations are
among the most common genetic risk factors for PD [24]. When GCase function is reduced,
glucosylceramide and related lipids accumulate, lysosomal handling becomes less effi-
cient, and alpha-synuclein aggregation is favoured. Accumulated alpha-synuclein can then
further inhibit GCase trafficking and function, generating a bidirectional pathogenic loop
that has been demonstrated in experimental and human cellular models [25-27]. Recent
reviews have extended this pathway by linking GBA1-PD to lipid metabolism, autophagy,
endoplasmic reticulum stress, mitochondrial function, and therapeutic targeting [27]. The
clinical implications of GBA1 variant complexity (variant classification, penetrance vari-
ability, ancestry-related differences, and the scope of the PVI framework as applied to
GBAL1 carriers) are discussed in full in Section 4. Variant classification, zygosity, ancestry,
penetrance, and scoring scope are addressed in Section 4 of this review. The concept of
variable penetrance deserves explicit discussion because it is frequently misunderstood
in the context of GBA1 and PD risk. Penetrance in this context refers to the proportion of
individuals carrying a specific GBA1 variant who develop PD during their lifetime. For
the N370S variant in heterozygous form (the most common GBA1 variant associated with
PD in Ashkenazi Jewish populations), the lifetime risk of PD is estimated at approximately
10 to 30 percent, meaning that the large majority of N370S heterozygotes will not develop
PD [28-31].

For more severe variants such as L444P in heterozygous form, the lifetime risk
estimates are higher but still substantially below 100 percent, and the risk differs between
ancestral populations because the same variant may co-occur with different genetic
modifiers depending on population background [32]. Recombinant alleles (RecNcil,
RecA) arise from recombination events between GBA1 and its pseudogene GBAP1 and
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result in multiple simultaneous amino acid changes; they are associated with severe
Gaucher disease when biallelic and with elevated PD risk when heterozygous, but their
PD penetrance remains incompletely characterised because of their rarity and because
they are frequently misidentified on standard sequencing panels that do not include
pseudogene-aware analysis.

Complex alleles (e.g., the L444P allele that also carries E326K on the same chromosome)
can produce different enzyme activity and clinical outcomes than what the individual
component variants would predict. Some variants commonly listed in GBA1 risk analyses
(including E326K and T369M) are more accurately described as risk modifiers rather than
pathogenic variants, conferring a modest increase in PD risk that does not clearly rise to
the level of penetrant pathogenicity and should not be scored equivalently to confirmed
pathogenic variants in a research stratification framework. For all these reasons, the PVI
framework must specify that the points assigned for GBA1 variants apply only to confirmed
heterozygous carriers of pathogenic GBA1 variants as defined by current classification
criteria (ClinVar pathogenic or likely pathogenic); variants of uncertain significance should
not contribute to the score until reclassified; and biallelic GBA1 mutations causing overt
Gaucher disease represent a distinct clinical and genetic entity that is outside the scope of
this framework.

The clinical consequence of GBA1 variation is measurable but heterogeneous. Across
cohort studies, GBA1 carriers tend to develop cognitive impairment earlier than non-
carriers, show a heavier non-motor burden, and have more widespread Lewy pathol-
ogy [28,29]. LRRK2 G2019S disrupts lysosomal biology through a different mechanism
involving Rab phosphorylation, and combined GBA1 and LRRK2 biology may further
modify disease phenotype [30]. More recent work has treated GBA1-PD as a distinct
clinical and mechanistic entity and has refined the importance of variant severity [31,32].
Longitudinal and meta-analytic studies further suggest that sex, cognitive reserve, and
broader molecular context modify risk [33-37].

3.4. Connection Architecture and the Vulnerability of Synaptic Tips

The way a nerve cell is structured influences vulnerability independently of its molec-
ular properties. As discussed in Section 3.2, SNpc dopamine neurons maintain extremely
extensive axonal and synaptic networks. When axonal transport begins to fail, which can
happen early in PD, the distal terminals of these long projections are likely to be starved
first of energy and waste-clearance capacity [38]. Post-mortem and clinicopathological
studies also suggest that synaptic dysfunction and synaptic loss are often more closely
related to cognitive impairment than the mere presence of Lewy bodies [39].

Importantly, even when alpha-synuclein seeds reach a neuron via a connected pathway,
damage is not uniform across all cell types. Within the pedunculopontine nucleus, for
example, cholinergic neurons develop pathology while neighbouring non-cholinergic
neurons receiving related inputs may be relatively spared [40]. Recent single-cell and
single-nucleus profiling of human substantia nigra has strengthened this point by showing
that PD vulnerability is shaped by molecularly distinct neuronal and glial states, rather
than by anatomical exposure alone [41,42].

3.5. Neuroinflammation: The Brain’s Immune Response

The SNpc contains a dense microglial population, and extracellular alpha-synuclein
released from stressed or dying neurons can activate microglia through innate immune
pathways [43]. Recent evidence supports a complex interaction between alpha-synuclein
species and microglial activation, with microglia potentially contributing both to clearance
and to inflammatory amplification [44]. Single-nucleus transcriptomic analysis of the

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.3390/medsci14040489

Med. Sci. 2026, 14, 489

21 of 47

human midbrain has identified glial activation signatures and PD-associated neuronal
transcriptional states, supporting the view that neuroinflammation is an integral component
of the local vulnerability environment rather than a purely secondary reaction to neuronal
death [45].

Activated microglia can drive astrocytes into neurotoxic reactive states, amplifying
local oxidative and inflammatory stress [46]. Recent experimental work on complement C4
and astrocyte-mediated neuroinflammation further supports the idea that astrocytes can
contribute directly to synaptic injury and alpha-synuclein pathology under inflammatory
conditions [47]. This self-reinforcing glial cycle may help explain why, once SNpc degen-
eration begins, it can become progressively harder for vulnerable neurons to maintain
biological reserve (Figure 3, Tables 1 and 2).

MITOCHON- LYSOSOMES || AXONAL AR-

CALCIUM L- NEURO- INFLAM-
DRIA Energy Clearance CHITECTURE

type channel MATION Microglial
failure (Com- failure (GBA1 || Transport fail-

overload activation
plexI) / LRRK2) ure
| | | | !

depleted ® Protein clearance fails ® Inflammation escalates

SYNAPTIC TERMINAL: where all five mechanisms converge | Alpha-syn builds up ® Energy

l

NEURON SURVIVES Sufficient ca-
pacity across domains (e.g., calbindin-

positive VTA neuron)

NEURODEGENERATION Capacity
threshold exceeded (e.g., calbindin-neg-

ative SNpc neuron)

Figure 3. How the five vulnerability mechanisms converge at the nerve cell’s synaptic terminal. All
five mechanisms ultimately impair the synapse, the connection point between nerve cells. When multi-
ple mechanisms fail together, the neuron crosses the threshold from stressed to degenerating. Neurons
with sufficient reserve across all five domains (such as calbindin-positive VTA neurons) survive;
those without it (such as calbindin-negative SNpc ventral-tier neurons) are lost. SNpc = substantia
nigra pars compacta; VTA = ventral tegmental area; alpha-synuclein.

Table 2. Positioning of the proposed Parkinson’s Vulnerability Index relative to established PD
staging and biological classification frameworks.

Framework Primary Anchor Main Contribution Relevance to the PVI
. Useful for anatomical context, but
Provides a limited for patient-level prediction
. Regional distribution of neuropathological map of orp P
Braak staging . because it does not explain
Lewy pathology common disease L .
roeression cell-intrinsic resistance
prog ' or susceptibility.
Pathological Defmes PD for research The PVI accepts this biological
alpha-synuclein b ) e g direction but focuses more
SynNeurGe p 4 biological classification

neurodegeneration and
genetic status

linked to clinical
features [8].

specifically on vulnerability
mechanisms and prognosis.
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Table 2. Cont.

Framework Primary Anchor Main Contribution Relevance to the PVI
Neuronal alpha-synuclein  Stages neuronal The Pvlis comp!ementary. 1t 1s
: . o A intended to stratify vulnerability
pathology, dopaminergic alpha-synuclein disease LB 5 . .
NSD-ISS ; ¢ : . within diagnosed or biologically
dysfunction and functional across a biological and :
. . - : defined PD rather than replace
impairment clinical continuum [7,9]. disease definition
- . Provides a . It is not currently a validated
: Vulnerability domains hypothesis-generating o] &
PVI proposed in . . clinical instrument and should be
c : linked to measurable score for prospective .
this review . . interpreted as a
biomarkers validation and

. ) research framework.
trial enrichment.

Note: This table clarifies the relationship between the PVI and existing validated staging systems,
emphasising that the PVI is a complementary research tool, not a competing disease classifica-
tion framework. Abbreviations: NSD-ISS = Neuronal alpha-Synuclein Disease Integrated Staging
System; PD = Parkinson’s disease; PVI = Parkinson’s Vulnerability Index; SynNeurGe = Synuclein—
Neurodegeneration—-Genetics research diagnostic criteria.

4. The GBA1 Pathway: From Biology to the Clinic
4.1. GBA1-PD as a Clinically and Mechanistically Informative Subgroup Within the PD Spectrum

Of all the biological mechanisms described above, the lysosomal pathway is the most
immediately actionable from a translational perspective, and GBA1 is its clearest clinical
entry point. This evidence justifies systematic consideration of the GBA1 pathway in
research stratification and trial enrichment design. Whether universal genetic screening can
be implemented in routine practice without agreed counselling, disclosure, and follow-up
pathways remains unclear.

Compared with matched PD patients who do not carry a GBA1 mutation, GBA1
carriers generally show earlier cognitive decline, more severe non-motor symptoms, and
greater risk of dementia, although the magnitude of risk varies according to variant type and
cohort characteristics [28,29,35]. Their post-mortem brains more often show widespread
Lewy pathology, including cortical involvement in regions relevant to memory, attention
and executive function. When lysosomal dysfunction is combined with other genetic or
biological stressors, the clinical phenotype may become still more complex [30].

This dose-response relationship between lysosomal impairment and clinical severity
is the clearest existing demonstration in PD research that a specific biological vulnerability
mechanism produces a measurable, probabilistic, group-level clinical signal, one that is
reproducible across cohort studies but does not permit individual outcome prediction. It
is important to emphasise, however, that GBA1-PD should be understood as a clinically
and mechanistically informative subgroup within the broader PD spectrum rather than a
categorically distinct disease entity. There is substantial biological and clinical overlap with
idiopathic PD, individual outcomes are not reliably predictable from GBA1 genotype alone,
and the magnitude of risk varies considerably with variant severity, ancestry, zygosity, and
additional genetic and environmental context.

In summary, GBA1-PD is best understood as a clinically and mechanistically informa-
tive subgroup within the continuous PD spectrum. It does not constitute a separate disease
entity with a distinct nosological boundary. The overlap with idiopathic PD is substantial
at the pathological, biomarker, and clinical levels, and clinicians should not communicate
a GBAl-positive result as conferring a categorically different diagnosis or a deterministic
clinical trajectory. The appropriate framing is one of modified probabilistic risk within the
PD spectrum, not disease reclassification.
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4.2. Measuring GCase in Clinical Practice

GCase enzymatic activity can be measured practically in two ways. A dried blood
spot test measures GCase activity from a small blood sample collected on a card, while
cerebrospinal fluid (CSF) measurement requires lumbar puncture. Published thresholds,
including dried blood spot GCase activity below 2.8 nmol/h/mg protein and CSF GCase
activity below approximately 39 nmol/h/mL, have been associated with elevated risk or
heavier Lewy pathology in source studies [48,49]. These values should be interpreted as
research thresholds rather than universal clinical cut-offs. GCase activity is substantially af-
fected by pre-analytical variables including sample type, substrate concentration and speci-
ficity, buffer composition, pH, incubation time, blood cell composition, storage conditions,
freeze-thaw cycles, and laboratory-specific calibration; reference ranges from individual
source studies cannot be generalised across laboratories without local recalibration.

Critically, peripheral GCase measurements require explicit interpretation with respect
to their limitations. A fundamental limitation that must be emphasised is that peripheral
blood GCase activity, whether measured in whole blood, plasma, leucocytes, or dried
blood spots, does not necessarily reflect GCase function in brain neurons or central nervous
system lysosomes.

Erythrocyte GCase is predominantly the lysosomal isoform but is expressed at high
concentrations in red blood cells, which may dominate the whole-blood signal and obscure
the cellular signal of interest. Plasma GCase reflects secreted enzyme rather than intracel-
lular lysosomal activity. Leucocyte GCase activity provides a closer cellular analogue to
neuronal lysosomes but is technically demanding, requires specialised laboratory process-
ing, and is rarely used in routine research practice. None of these peripheral measures
has been directly validated against neuronal GCase activity in human post-mortem brain
tissue or against clinical outcomes in independent PD cohorts using the same assay plat-
form. Furthermore, the relationship between peripheral GCase reduction and brain GCase
reduction may be influenced by systemic factors including inflammation, metabolic state,
and blood cell composition that are unrelated to neuronal lysosomal function. Peripheral
GCase activity should therefore be understood as an accessible surrogate biomarker with
biological plausibility rather than a direct window into the central lysosomal environment.

The implications of this limitation for the proposed PVI framework are substantial. The
GCase thresholds cited in Table 2 of this review (DBS: <2.8 nmol/h/mg from L represent
reference anchors derived from two specific studies using specific assay conditions, and
they should be used only as starting points for prospective calibration within locally
established laboratory settings. Any research group wishing to use GCase activity as part
of a vulnerability stratification framework must first establish their own platform-specific
reference range in an appropriate comparison population before applying any threshold
to patient data. The PVI framework must therefore specify that GCase scoring applies
only within laboratory settings that have established local reference ranges using the same
assay conditions as the source studies, and that peripheral GCase values should not be
interpreted as direct measures of brain lysosomal function.

GCase activity is substantially affected by pre-analytical variables including sample
type, substrate concentration and specificity, buffer composition, pH, incubation time,
blood cell composition, storage conditions, freeze-thaw cycles, and laboratory-specific
calibration; reference ranges from individual source studies cannot be generalised across
laboratories without local recalibration.

Recommendations for GCase measurement in PVI validation studies: Given the limi-
tations of peripheral GCase measurements, we recommend the following principles for any
validation study incorporating GCase activity into the PVI framework: (1) GCase activity
should be measured using a standardised, validated assay protocol with documented
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pre-analytical procedures; (2) laboratory-specific reference ranges should be established
in an appropriate comparison population before applying any threshold to patient data;
(3) the relationship between peripheral GCase activity and clinical outcomes should be ex-
amined separately for different sample types (DBS, plasma, leucocytes) to determine which
provides the strongest signal; (4) wherever feasible, CSF GCase measurement should be
used as the reference standard against which peripheral measures are validated; (5) when
peripheral measures are used, the results should be interpreted cautiously and the limita-
tions explicitly acknowledged in any reporting; (6) the predictive value of GCase activity
should be evaluated in models that include other covariates (amyloid, tau, APOE, vas-
cular burden) to determine whether GCase adds independent predictive value beyond
established modifiers. These principles are intended to guide methodologically rigorous
validation studies and to prevent overinterpretation of peripheral GCase measurements in
clinical or research contexts.

Blood-based alpha-synuclein SAA assays using extracellular vesicle-enriched or phos-
phorylated substrates are methodologically distinct from validated CSF-based assays and
results cannot be assumed equivalent without independent comparative validation. A
further important limitation is that peripheral blood GCase activity, whether measured
in whole blood, plasma, leucocytes, or dried blood spots, is not necessarily a direct or
proportionate measure of GCase function in brain neurons or central nervous system lyso-
somes. Erythrocyte GCase is predominantly the lysosomal isoform but is expressed at high
concentrations in red blood cells, which may dominate the whole-blood signal. Plasma
GCase reflects a secreted enzyme rather than intracellular lysosomal activity. Leucocyte
GCase activity provides a closer cellular analogue to neuronal lysosomes but is technically
demanding and rarely used in routine research practice.

None of these peripheral measures has been directly validated against neuronal GCase
activity in human post-mortem brain tissue or against clinical outcomes in independent
PD cohorts using the same assay platform. Peripheral GCase activity should therefore
be understood as an accessible surrogate biomarker with biological plausibility rather
than a direct window into the central lysosomal environment. In practical terms, this
means that the GCase thresholds cited in Table 2 of this review (DBS: <2.8 nmol/h/mg;
CSF: <39 nmol/h/mL) represent reference anchors derived from two specific studies using
specific assay conditions, and they should be used only as starting points for prospective
calibration within locally established laboratory settings. Any research group wishing to
use GCase activity as part of a vulnerability stratification framework must first establish
their own platform-specific reference range in an appropriate comparison population before
applying any threshold to patient data.

The same principle applies to alpha-synuclein SAA: the diagnostic performance char-
acteristics reported in the PPMI cohort and confirmatory studies were obtained using
specific CSF-based assay protocols, and these must not be assumed to apply to blood-
based, plasma-based, or EV-derived assay variants, which represent distinct and as yet
incompletely validated biomarker platforms.

An important finding is that GCase activity is also reduced in a proportion of PD
patients who do not carry a GBA1 mutation [50]. This may reflect downstream inhibition of
lysosomal function by alpha-synuclein itself. As a result, low GCase activity may identify
a broader at-risk biological subgroup than genetic testing alone, although this requires
prospective validation before it can be used for individual-level prognostication.

4.3. The Alpha-Synuclein Seeding Test (SAA)

In the large PPMI cohort, CSF alpha-synuclein SAA identified clinically diagnosed PD
with high sensitivity and specificity and revealed biological heterogeneity within genetic
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and clinical subgroups [51]. Earlier comparative work also supported the diagnostic
potential of CSF alpha-synuclein seed amplification [52]. More recent studies have refined
the interpretation of SAA by examining amplification kinetics, prodromal conversion risk,
negative SAA results in clinically diagnosed PD, and the relationship between CSF assays
and tissue-based alpha-synuclein testing [53-56].

The combination of genetic status, GCase activity and SAA status is likely to be
more informative than any single measure. A GBA1 carrier with reduced GCase activity
and positive SAA may plausibly have higher biological vulnerability than a non-carrier
with preserved GCase activity, but this needs prospective testing before it can be used for
prognosis or management.

5. The Parkinson’s Vulnerability Index (PVI): A Research
Stratification Proposal

The five vulnerability mechanisms, the genetic evidence, and the available biomarker
data provide a rationale for proposing a structured research score: the Parkinson’s Vul-
nerability Index, or PVI. The purpose of the PVI is to organise biological risk information
in a way that can be tested prospectively. It is intended to support cohort stratification,
trial enrichment and hypothesis generation, rather than to replace clinical diagnosis or
established care pathways. Regarding the scope of the GBA1 component, specifically, the
proposed score applies to confirmed heterozygous carriers of pathogenic GBA1 variants
only. Biallelic GBA1 mutations causing overt Gaucher disease are outside the scope of
this framework because they represent a distinct clinical syndrome with different natural
history, management requirements, and penetrance patterns. Patients with biallelic GBA1
mutations who receive enzyme replacement therapy for Gaucher disease and subsequently
develop PD represent a further distinct subgroup not captured by the current PVI structure.

The variables listed in Table 2 are candidate variables for future prospective model
development. The illustrative weights assigned to each variable reflect the current relative
maturity of their evidence base rather than any empirical optimisation, and they serve
only to organise the candidate variables into a provisional research framework. The final
composition, weighting, and threshold structure of any validated vulnerability model must
be determined by prospective data analysis, not by the qualitative judgements made in
this review.

A specific rationale for each component selection is provided here for each component.
GBA1 genotype was selected as the primary genetic vulnerability marker because it is the
most prevalent genetic risk factor for sporadic PD, with established biological plausibility
through lysosomal GCase deficiency, and because genotyping is already part of research
protocols and increasingly available clinically. Point values of 3 (high-risk pathogenic
variant) and 2 (lower-risk pathogenic variant) reflect the documented difference in relative
risk and lysosomal enzyme deficit between variant classes (L444P-like variants: greater
GCase deficit, higher PD risk; N370S-class: partial GCase deficit, lower but significant
PD risk); these are evidence-informed relativities, not statistically derived coefficients.
LRRK?2 G2019S was included at 2 points (same tier as lower-risk GBA1) because it confers
a comparable magnitude of PD risk through a distinct but intersecting lysosomal and
vesicular trafficking mechanism, and because GBA1-LRRK2 co-occurrence is associated
with additive risk. GCase enzymatic activity (CSF and DBS) was selected as the functional
vulnerability marker because it provides a direct enzymatic readout of lysosomal capacity
(the mechanism through which GBA1 variants produce neuronal vulnerability) and because
reduction below published thresholds is associated with Lewy pathology burden and dis-
ease severity independent of GBA1 genotype. The specific thresholds (CSF: 39 nmol/h/mL
from Parnetti et al. 2014; DBS: 2.8 nmol/h/mg from Lerche et al. 2021) were selected from
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the largest and most methodologically rigorous studies available at the time of this review;
they are platform-specific research anchors, not universal cut-offs. Alpha-synuclein SAA
was selected as the pathology marker because it is the most sensitive and specific available
measure of active alpha-synuclein seeding in living patients, validated in the PPMI cohort
and replicated across independent centres.

A single point was assigned because SAA positivity is a dichotomous state marker
(present/absent) rather than a graded vulnerability score. DAT-SPECT was selected as the
neurodegeneration marker because it is the established clinical neuroimaging standard
for dopaminergic neuronal loss in PD, validated across multiple cohorts with quantitative
striatal binding ratio thresholds, and because it provides an independent structural measure
complementary to the functional and molecular markers above. MoCA and UPSIT were
selected as clinical state variables because cognitive screening and olfactory function testing
are among the most reproducible clinical indicators of PD subtype severity and are already
part of standard research assessment batteries. Their inclusion in the PVI reflects the
clinical reality that vulnerability biology expresses itself partly through these measurable
functional outcomes.

Their limitation as disease-state rather than pure vulnerability markers is acknowl-
edged explicitly in Section 5.2 of this revision. The overall point weighting structure
(maximum 3 for highest-risk genetic variants; 1 for each functional/pathological/clinical
marker) was constructed to weight cell-intrinsic genetic vulnerability highest, consistent
with the hypothesis that biological vulnerability amplifies the impact of alpha-synuclein
pathology rather than determining it independently. This is a theoretical weighting ra-
tionale, not an empirical one, and the relative weights must be tested and recalibrated in
prospective cohort data before the PVI can function as a predictive tool.

In the specific context of GCase activity and alpha-synuclein SAA, the thresholds cited
in this review (DBS GCase: 2.8 nmol/h/mg protein; CSF GCase: 39 nmol/h/mL, from
Lerche et al. 2021 and Parnetti et al. 2014, respectively) are derived from single studies
using specific assay platforms and must not be treated as universal cut-offs applicable
across laboratories. Additionally, peripheral DBS GCase activity does not directly measure
brain lysosomal GCase function; it is a surrogate marker whose relationship to neuronal
lysosomal capacity has not been independently validated in post-mortem brain tissue.

For the SAA variable, only validated CSF-based assays should be used; blood-based
and EV-derived assay platforms are methodologically heterogeneous, not yet equivalently
validated, and must not be substituted for CSF SAA in the context of this framework
without independent platform-specific comparative validation. Points for GCase and SAA
in the candidate variable framework should therefore be applied only within laboratory
settings that have established local reference ranges using the same assay conditions as the
source studies.

Most components of the proposed score are already used in clinical or research neu-
rology settings: genetic testing, dried blood spot or CSF GCase activity, alpha-synuclein
SAA, MoCA, olfactory testing, and dopaminergic imaging. The novelty lies in combining
these measures according to vulnerability biology. This also creates the main limitation:
the combined score has not yet been validated, calibrated or externally replicated.

For this reason, the PVI is presented here as a candidate variable framework for
prospective model development, not a validated scoring tool (as stated in Section 2.7). The
score should not be used as the basis for individual patient management, genetic disclosure,
treatment selection or advance care planning outside a research protocol until prospective
validation has been completed.

A critical distinction must be maintained: the PVI is a conceptual vulnerability frame-
work, not a predictive scoring tool. A validated predictive scoring tool derives coefficients
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from a fitted dataset with internal and external validation. The PVI does not meet this
standard: its point values are illustrative weights reflecting evidence maturity, not validated
regression coefficients, and its risk bands are proposed research categories for prospective
testing, not clinically validated thresholds.

The selected biomarkers, cut-off values, point assignments, and risk categories are
drawn from separate studies rather than from a single validated dataset, a fundamental
limitation that must be stated prominently. A validated predictive scoring tool requires:
biomarker selection and threshold optimisation on a training dataset; assessment of internal
validity (e.g., cross-validation, bootstrap resampling); and replication on an independent
external dataset. The PVI has undergone none of these steps.

Its individual components are each supported by independent evidence, but the
combination of those components into a composite score has not been tested against clinical
outcomes in any dataset. This does not make the framework arbitrary or invalid as a
hypothesis-generating tool; it means its claims must be strictly limited to what the evidence
supports: a structured proposal for prospective investigation, not a tool for individual risk
prediction or clinical decision-making.

The relationship between any of these candidate variables and clinical outcomes is
likely to be substantially modified by factors that the current framework does not model:
age at onset and disease duration (both of which independently predict cognitive decline);
disease stage at the time of assessment (later-stage patients will systematically score higher
on disease-state markers regardless of intrinsic vulnerability); ancestry (GBA1 allele fre-
quencies, GCase activity reference ranges, and olfactory normative data all vary between
populations); prior or concurrent treatment (dopamine replacement therapy, cholinesterase
inhibitors, and other medications modify cognitive and motor test performance); cognitive
reserve (education, occupational complexity, and bilingualism modulate the relationship
between neuropathological burden and cognitive test scores); and outcome definition
(dementia, motor progression rate, falls, institutionalisation, and mortality are each distinct
endpoints with different biological predictors).

Any future prospective model incorporating these candidate variables must pre-
specify which outcome is being predicted, include the relevant modifiers as covariates,
and be validated independently across populations with different ancestry and healthcare
contexts before clinical implementation can be considered.

5.1. Relationship to Existing Biological Staging Frameworks

The PVI is not proposed as a competing disease definition. SynNeurGe and NSD-
ISS have already moved PD research towards biological classification by incorporating
alpha-synuclein status, neurodegeneration, genetic information and clinical features [7,8].
The PVI has a different purpose. It asks whether the biological vulnerability of neuronal
systems, especially lysosomal, energetic, synaptic and inflammatory reserves, can help
predict progression and enrich future trials within biologically defined PD cohorts.

In practical terms, the PVI should be considered complementary to these frameworks.
A patient could be classified biologically by SynNeurGe or staged by NSD-ISS, then further
stratified within a research cohort by a vulnerability score. Whether this additional layer
improves prediction beyond existing biological staging remains an empirical question and
is one of the central validation tasks proposed by this review.

5.2. PVI Scoring

Cut-off sources and measurement anchors include GCase source studies, SAA studies,
MoCA validation work and UPSIT normative testing (Table 3) [48,49,51,52,57,58].
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Table 3. Proposed Parkinson’s Vulnerability Index (PVI) scoring criteria with published biomarker

thresholds. Important notes: (1) All thresholds are provisional and platform-specific; they are

not universal cut-offs. (2) Point weights are illustrative candidate values, not validated regression

coefficients. (3) Peripheral DBS GCase activity does not directly reflect brain lysosomal GCase

function. (4) SAA scoring applies to validated CSF assays only; blood-based or EV-derived SAA

platforms are not equivalent. (5) UPSIT norms require local cultural validation. Abbreviations:
CSF = cerebrospinal fluid; DAT-SPECT = dopamine transporter SPECT; DBS = dried blood spot;
EV = extracellular vesicle; GBA1 = glucocerebrosidase acid beta-1 gene; GCase = glucocerebrosidase;

LRRK2 = leucine-rich repeat kinase 2; MoCA = Montreal Cognitive Assessment; SAA = seed amplifi-

cation assay; SBR = striatal binding ratio; UPSIT = University of Pennsylvania Smell Identification

Test; VUS = variant of uncertain significance; WGS = whole-genome sequencing.

What Is Measured

How It Is Measured

Cut-Off Value or
Evidence Basis

Illustrative Candidate Weight
(Indicative Only; Not
Statistically Derived)

Domain 1: Lysosomal and Genetic (how well the cell clears waste protein)

GBAL gene: high-biological risk
pathogenic variant (e.g., L444P; also
includes RecNcil, RecA, null variants;
heterozygous carriers) (note: the binary

Blood: gene test (targeted

high-risk/low-risk classification is a panel or WGS) Variant confirmed 3
simplification; risk varies with residual
enzyme activity, ancestry, and
co-occurring modifiers)
GBA1 gene: lower biological-risk
pathogenic variant (e.g., N370S
heterozygote; most prevalent in Ashkenazi
Jewish and European populations) (note: ~ Blood: gene test Variant confirmed 2
penetrance is substantially below 50% and
varies by ancestry and co-occurring
genetic modifiers)
LRRK2 G2019S gene variant Blood: gene test Variant confirmed 2
GBA1 + LRRK2 together Blood: gene test Both confirmed 4 (cap)
<39 nmol/h/mL (Parnetti et al.
Lumbar puncture + enzym. 2014 platform-specific threshold
GCase enzyme activity (CSF) Lmbar punctre + enzyme ONLY; NOT a universal cut-off; 2
assay . . .
local recalibration required
before use)
<2.8 nmol/h/mg (Lerche et al.
2021 platform-specific threshold
L. . Finger-prick card + enzyme ONL.Y; N.OT umvgrsal; local
GCase enzyme activity (dried blood spot) recalibration required; 1
assay peripheral DBS GCase does not
directly reflect brain lysosomal
function)
Domain 2: Alpha-Syn Pathology (is pathological protein already spreading?)
Validated CSF seed
%ﬂgg{g:;%nafjagv(?ﬁh\se d Positive (validated CSF assay
SAA assavs are only; blood-based SAA
Alpha-syn seeding test (SAA) e - platforms must not be 1
methodologically distinct and bstituted: result i
NOT equivalent to CSF SAA Substiuted; reswtis |
without independent assay-platform specific)
platform-specific validation
Domain 3: Cognitive Trajectory (is thinking already being affected?)
MoCA cognitive score 10 min bedside test Score < 24 or 22-point drop in 2
12 months
Family or carer memory concern Clinical interview Corroborated concern present 1
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Table 3. Cont.

What Is Measured

Illustrative Candidate Weight
How It Is Measured g:it&?i:;gﬁsor (Indicative Only; Not
Statistically Derived)

Domain 4: Olfaction (smell loss is an early PD sign)

Smell identification test (UPSIT)

Below 25th percentile for 1

40-item booklet smell test
age/sex

Domain 5: Neuroimaging (dopamine transporter scan)

DAT-SPECT dopamine transporter scan Nuclear imaging scan

Caudate binding <65% norm or

asymmetry >20% 1

DBS = dried blood spot; CSF = cerebrospinal fluid; GCase = glucocerebrosidase enzyme;
MoCA = Montreal Cognitive Assessment; SAA = seed amplification assay; UPSIT = University
of Pennsylvania Smell Identification Test; WGS = whole genome sequencing.

To assist in the interpretation of Table 2, the category of each PVI component is ex-
plicitly listed here. Vulnerability markers (cell-intrinsic biological properties assessable
before pathology is established): GBA1 genotype (severe allele, mild allele, LRRK2 G2019S,
co-occurrence), CSF GCase activity, dried blood spot GCase activity. Pathology marker
(reflects active alpha-synuclein seeding): CSF alpha-synuclein SAA. Neurodegeneration
marker (reflects established neuronal or synaptic loss): DAT-SPECT striatal binding. Clini-
cal state variables (current functional status at a single timepoint): MoCA score at diagnosis,
UPSIT olfactory function. Longitudinal outcome variables (require serial assessment; can-
not be scored at baseline): 12-month MoCA decline (> 2 points), informant-corroborated
cognitive concern emerging during follow-up. This mapping confirms that the PVI is not
a homogeneous biological construct; it combines measures from five distinct domains
differing in biological meaning, temporal scope, and evidence type.

Any validation study must test the independent predictive contribution of each cate-
gory before the composite score can be meaningfully interpreted. An important structural
limitation requires explicit acknowledgement: MoCA score, olfactory function (UPSIT), and
dopaminergic imaging (DAT-SPECT) reflect current disease state and established neuronal
loss rather than intrinsic neuronal vulnerability, potentially introducing circularity into the
predictive model: a patient with more advanced disease may score highly partly because
of existing degeneration. Prospective validation must explicitly test whether vulnerability
markers (GBA1, GCase, SAA) or disease-state markers (MoCA, UPSIT, DAT-SPECT) drive
predictive performance; if the latter predominate, the PVI would offer limited advantage
over existing staging tools.

To explain the circularity concern more fully, the PVI is proposed as a tool for predict-
ing future disease trajectory, specifically to identify patients at highest risk of cognitive
decline, non-motor progression, and dementia. Circularity arises when the predictor vari-
ables already reflect the very outcome being predicted. In this case, MoCA score, UPSIT,
and DAT-SPECT striatal binding all reflect the degree of existing neuronal degeneration and
functional impairment at the time of assessment. Since the primary outcome of interest, fu-
ture cognitive decline, correlates strongly with baseline cognitive status, olfactory function,
and dopaminergic degeneration, a model that includes these three variables will inevitably
appear to predict future cognitive decline even without any genuine vulnerability biol-
ogy signal. In statistical terms, including disease-state markers as predictors when they
correlate strongly with the outcome inflates apparent predictive performance and makes
it impossible to determine whether any additional signal comes from the vulnerability
biology or simply from the severity of existing disease at baseline.
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There are two distinct forms of circularity that the PVI may introduce. The first
is cross-sectional circularity: Higher PVI scores at any timepoint will correlate with
more advanced disease at that timepoint, not because the PVI captures vulnerability
biology but because three of its seven components directly measure disease severity.
This means the PVI cannot be used as a cross-sectional staging tool without it becoming
equivalent to an existing staging measure, which would undermine its claim to add new
information. The second is predictive circularity: If a patient already has a low MoCA,
impaired olfaction, and reduced DAT binding at baseline, predicting future cognitive
decline from these variables is partially tautological; the outcome is already partially
manifested at the time of prediction.

Whether circularity is actually introduced depends on how the PVI1is used. If the PVI
is used to predict future clinical outcomes from baseline assessment in newly diagnosed
patients, and if MoCA, UPSIT, and DAT-SPECT scores at diagnosis reflect starting-point
disease severity rather than trajectory, then a degree of circularity is introduced but may
not be fatal to the framework; it would reduce the incremental value of the vulnerability
biology markers rather than invalidating them.

If, however, the PVI is used to enrich clinical trial populations for patients with
high-vulnerability biology, the disease-state markers should not drive the enrichment
criterion, because that would simply select patients with more advanced disease at
baseline, which existing staging tools already do. In this context, combining vulnera-
bility markers with disease-state markers in a single composite score is scientifically
problematic because it conflates two different types of information that serve different
purposes in trial design. The circularity concern can be addressed by the following
validation design principles, which should be pre-specified before any prospective
validation study of the PVI. First, the vulnerability markers (GBA1 genotype, GCase
activity, SAA status) and the disease-state markers (MoCA, UPSIT, DAT-SPECT) should
be analysed in separate models before being combined to establish their independent
predictive contributions.

Second, the incremental predictive value of adding the vulnerability markers to a base-
line model containing only the disease-state markers should be formally tested (e.g., using
likelihood ratio tests, C-statistic improvement, net reclassification improvement); if the
incremental value is negligible, the PVI provides no advantage over existing staging. Third,
for trial enrichment applications, specifically, the vulnerability markers alone (without
disease-state markers) should be evaluated as the enrichment criterion to avoid selecting
patients on the basis of existing severity rather than biological mechanism. Fourth, where
technically and ethically feasible, vulnerability markers should ideally be measured before
significant neurodegeneration is established (e.g., in the prodromal or newly diagnosed
stage), with disease-state markers used as longitudinal outcome variables rather than as
baseline predictors.

These design principles would allow the genuine predictive contribution of vulnerabil-
ity biology to be separated from the confounding influence of disease severity at baseline,
and would provide a definitive test of whether the PVI adds value beyond existing staging.

The following variables represent changes that occur over time and require serial
assessment. They are outcome measures to be predicted by the baseline PVI score
(Modules 1-3), not components of the score itself. These measures should be used in
prospective validation studies to test whether the baseline vulnerability and pathology
markers predict future clinical progression. This separation addresses the temporal incon-
sistency and circularity concerns raised in the peer review process (Table 4).
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Table 4. Prospective Outcome Measures (Module 4)—NOT components of baseline PVI score.

Definition of Clinically

Outcome Measure How It Is Measured Meaningful Change Timing of Assessment
~9 00

Cognitive decline MoCA score >2 point drop from 12 months and annually
baseline thereafter
Informant-corroborated

Cognitive concern Clinical interview concern emerging during At each follow-up visit
follow-up
~E it i

Motor progression MDS-UPDRS Part III >5 point increase from 12 months and annually
baseline thereafter

Conversion to dementia

Institutionalisation

Meets diagnostic criteria
for PD dementia
Placement in long-term
care facility

Clinical criteria As clinically indicated

Clinical record As occurs

These outcome measures are not scored as part of the PVI at baseline. They represent
the clinical endpoints that the PVI framework aims to predict. Prospective validation
studies should test whether the baseline PVI score (Modules 1-3) predicts these outcomes
after adjustment for relevant covariates including age, disease duration, baseline disease
severity, and ancestry.

Interpreting the Score in Research Settings: A Proposal for Empirical Derivation.

Important: The global risk bands presented in this framework (0-2, 3-5, >6) are pro-
posed research categories for prospective testing, not validated prognostic thresholds. They
are included solely to provide a structured basis for hypothesis-driven validation studies
and mechanism-targeted trial enrichment protocols. The division into three bands reflects
a qualitative heuristic based on the sum of candidate point weights, which themselves are
illustrative and not statistically derived.

No clinical action should be taken on the basis of these unvalidated bands outside a
formally approved validation study protocol.

For research purposes, we propose that any prospective validation study should:

Derive empirical risk bands empirically from the distribution of the composite score
in the training dataset (e.g., using tertiles, quartiles, or optimal cut-point analysis), rather
than applying the 0-2, 3-5, >6 thresholds a priori.

Evaluate the score as a continuous predictor in regression models before dichotomising
or categorising, to avoid loss of information and arbitrary threshold effects.

Optimise point weights using multivariable regression, survival analysis, or machine
learning approaches on a training dataset, with internal validation (cross-validation or
bootstrap resampling) and external replication on an independent cohort.

Determine the incremental predictive value of the composite score over existing
staging systems (SynNeurGe, NSD-ISS) and established covariates (age, disease duration,
baseline motor severity, APOE genotype, amyloid/tau burden) before any categorisation
is applied.

Until such empirical derivation and validation have been performed, the 0-2, 3-5, and
>6 bands remain heuristic research proposals awaiting calibration, not evidence-based
risk categories. Investigators using these bands in research protocols must treat them as
starting-point hypotheses requiring local recalibration against the specific study population,
assay platforms, and pre-specified clinical endpoints.

Table 4: Proposed research monitoring and trial-enrichment implications for each PVI
risk band. All suggestions represent hypothetical research protocol examples and are NOT
evidence-based clinical guidelines. Monitoring intervals and care planning suggestions
are NOT supported by direct comparative evidence and must NOT be implemented in
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clinical practice. Abbreviations: ACP = advance care planning; GCase = glucocerebrosi-
dase enzyme; LBD = Lewy body dementia; MoCA = Montreal Cognitive Assessment;
PVI = Parkinson’s Vulnerability Index; RBD = REM sleep behaviour disorder; SAA = seed
amplification assay.

A score of 6 or above, if validated prospectively and after adjustment for relevant
modifiers, might identify a group with higher proposed biological vulnerability appropriate
for enriched follow-up within research studies or screening for mechanism-targeted clinical
trials. This must not be interpreted as a clinical prediction for any individual patient, and
must not trigger treatment escalation, family cascade testing, or advance care planning
outside standard clinical criteria and approved research protocols (Table 5). The three risk
bands (0-2, 3-5, >6) in this framework are provisional research categories whose clinical
utility has not been established.

Table 5. Proposed research monitoring and trial-enrichment implications for PVI risk bands (based on
Modules 1-3 only). These suggestions are not clinical guidelines and should be tested prospectively
before routine implementation. The risk bands are based on the baseline PVI score calculated from
vulnerability biomarkers (Module 1), pathology and staging biomarkers (Module 2), and baseline
clinical measures (Module 3). They do not include longitudinal outcome measures (Module 4), which

are outcomes to be predicted rather than components of the score.

Area PVI Low (0-2) PVI Intermediate (3-5) PVI High (6+)

Lower proposed Intermediate proposed . _—
Research vulnerability; expected vulnerability; biologically H1gher proposed Vulnerabﬂ%ty,
. : . . 9 enriched group for progression
interpretation slower average progression mixed group requiring

in validation cohorts.

calibration.

and dementia-risk studies.

Cognitive follow-up
in studies

Annual MoCA or
equivalent cohort
assessment.

Six-monthly MoCA plus
formal neuropsychology if
decline is detected.

Three- to six-monthly MoCA
within validation protocols;
formal neuropsychology if
clinically indicated.

Biomarker
follow-up

Baseline biomarkers may
be sufficient unless
phenotype changes.

Repeat GCase or SAA
according to study design,
especially if score is
lysosomal driven.

Repeat GCase, SAA and imaging
only within approved research or
trial protocols.

Genetic testing and
counselling

Genetic testing based on
age at onset, family history
and local practice.

Testing may be considered
with pre-test counselling
and consent.

Pre-test and post-test counselling
are essential; family cascade
testing only where clinically
appropriate, consented and
locally approved.

Trial enrichment

General neuroprotection or
observational cohorts.

Potential enrichment for
GCase, lysosomal or
alpha-synuclein targeted
trials when relevant
biomarkers are present.

Potential priority for
mechanism-targeted trial
screening, not automatic
treatment allocation.

Care planning

No PVI-driven ACP
requirement.

Routine care planning
according to symptoms,
patient preference and
clinical trajectory.

Planning discussions may be
appropriate when cognitive or
functional decline is present;
score alone is insufficient.
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Table 5. Cont.

Area PVI Low (0-2) PVI Intermediate (3-5) PVI High (6+)
Standard PD care; cholinesterase
Standard PD care; 1. ! .
Standard PD care o inhibitors, sleep therapies or other
Treatment . . additional treatment o
T according to established . additions only when standard
implications 1 guided by symptoms and . . . o
guidelines. T diagnostic and clinical criteria
clinician judgement.

are met.

ACP = advance care planning; GCase = glucocerebrosidase; LBD = Lewy body dementia;
MoCA = Montreal Cognitive Assessment; SAA = seed amplification assay. IMPORTANT DIS-
CLAIMER: The suggestions in Table 4 are explicitly hypothetical research protocol examples and are
NOT evidence-based clinical guidelines. Monitoring intervals and care planning suggestions are
NOT supported by direct comparative evidence and must NOT be implemented in clinical practice.
The three risk bands (0-2, 3-5, >6) are provisional research categories whose clinical utility has not
been established. They are included to provide a structured basis for hypothesis-driven validation
studies and mechanism-targeted trial enrichment protocols, not as validated prognostic tools. Any
investigator wishing to use these bands in a research study must treat them as starting-point hy-
potheses requiring local recalibration against the specific study population, assay platforms, and
pre-specified clinical endpoints.

They are included to provide a structured basis for hypothesis-driven validation
studies and mechanism-targeted trial enrichment protocols, not as validated prognostic
tools. Any investigator wishing to use these bands in a research study must treat them as
starting-point hypotheses requiring local recalibration against the specific study population,
assay platforms, and pre-specified clinical endpoints.

These patterns are heuristic and require validation against longitudinal biomarker
cohorts (Table 6).

Table 6. Three proposed patterns of PD progression and their possible biological basis. IMPORTANT:
The three modes in this table are explicitly hypothetical heuristic illustrations pending prospective val-
idation. The estimated patient proportions (~55-60%, ~20-25%, ~15-20%) are speculative placeholders
with no statistical derivation and must NOT be cited as established prevalence estimates. Abbrevi-
ations: GBA1 = glucocerebrosidase acid beta-1 gene; LP = Lewy pathology; LRRK2 = leucine-rich
repeat kinase 2; PD = Parkinson’s disease.

Mode A: Typical

Mode B: Mode C:
Dementia-Predominant Tremor-Dominant

Progression

Fast: dementia within

Slow (15-20 years) 3-5 years

Very slow (>20 years)

Dominant vulnerability

Partial nigrostriatal

Lysosomal failure (cortical . .
impairment; lysosomes

Mitochondrial and calcium

domain and nigral) largely intact
. . . N . GBA1 variant; or No major variant; possibly
Likely genetic background = No major variant; sporadic GBA1 + LRRK?2 protective modifiers
Cognitive outcome Dementia late or absent Early. dementia; high Cognition largely
cortical LP burden preserved
Estimated proportion ~55-60% ~20-25% ~15-20%

of PD

LP = Lewy pathology; VTA = ventral tegmental area.

The PVI score is calculated by adding points from vulnerability-related measurement
domains. The total score places the patient into a proposed research risk band. This
pathway is intended for validation studies and trial-enrichment protocols, not for routine
clinical decision-making (Figure 4).
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PATIENT DIAGNOSED WITH PD OR ENROLLED IN A BIOLOGICALLY DEFINED PD CO-
HORT: Calculate proposed PVI score within a research protocol

|

ADD POINTS FROM FIVE DOMAINS

Lysosomal and genetic status | GCase activity | alpha-synuclein SAA | cognitive trajectory | ol-

faction and dopaminergic imaging

Interpretation requires consent, counselling where genetic information is used, and prospective

validation.
!
Score 0-2 Score 3-5 Score 6+
LOW PROPOSED VULNERA- | INTERMEDIATE PROPOSED | HIGH PROPOSED VULNERA-
BILITY VULNERABILITY BILITY

Standard cohort follow-up
Annual cognition measures

General trial eligibility

Closer biomarker follow-up in
research
Potential mechanism-targeted

trial screening

Enriched follow-up within vali-
dation studies
Genetic counselling if relevant

Mechanism-targeted trial

screening where criteria are met

Figure 4. Proposed PVI research decision pathway at diagnosis using baseline modules only. The fig-
ure illustrates the proposed algorithmic decision pathway for applying the Parkinson’s Vulnerability
Index (PVI) in a biologically defined research cohort. Patients first have a baseline PVI score calcu-
lated by summing points from Module 1 (vulnerability biomarkers: GBA1 genotype, LRRK2 G2019S
genotype, CSF GCase activity, DBS GCase activity), Module 2 (pathology and staging biomarkers:
CSF alpha-synuclein SAA, DAT-SPECT), and Module 3 (baseline clinical measures: MoCA score,
UPSIT olfactory function). Module 4 (prospective outcome measures: 12-month MoCA decline,
informant-corroborated cognitive concern, motor progression, conversion to dementia) is NOT in-
cluded in the baseline score; these variables are outcomes to be predicted in longitudinal validation
studies. The total baseline score places the patient into one of three proposed research categories (0-2,
3-5, >6) that have NOT been empirically derived or validated. These bands are heuristic proposals
for prospective testing; their clinical utility remains unproven. This pathway is intended exclusively
for formally approved validation studies and trial-enrichment protocols; it must not be used for
routine clinical decision making, individual prognosis, or treatment selection outside a research
protocol. GCase = glucocerebrosidase; LBD = Lewy body dementia; MoCA = Montreal Cognitive
Assessment; SAA = seed amplification assay.

IMPORTANT: The three modes in this table are explicitly hypothetical heuristic il-
lustrations pending prospective validation. The estimated patient proportions (~55-60%,
~20-25%, ~15-20%) are speculative placeholders with no statistical derivation and must
NOT be cited as established prevalence estimates. The association between specific PVI
risk bands and these progression modes has not been empirically tested and remains a
hypothesis for future validation studies.

6. Discussion
6.1. Why Neuroprotective Trials Have Failed, and How to Fix Them

Several neuroprotective trials in PD have failed to show convincing disease-modifying
efficacy in broad, clinically defined populations. The field is now more nuanced than
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a simple failure narrative: prasinezumab did not meet its original primary endpoint,
but subsequent exploratory and extension analyses suggested possible motor effects in
faster-progressing subgroups [59-61]. Lixisenatide showed less motor progression over
12 months in a phase 2 trial, although larger and longer studies are needed [62]. Ambroxol
studies provide evidence of safety and target engagement in GCase biology, while disease-
modifying effects in GBA1l-related PD remain under investigation [63,64]. Earlier creatine,
coenzyme Q10 and cinpanemab trials further illustrate the difficulty of demonstrating
disease modification in heterogeneous PD populations [65-67].

One explanation is that many trials enrolled by diagnosis rather than by the biological
mechanism active in each participant. A drug targeting lysosomal dysfunction is unlikely
to benefit all patients with PD if only a subset has measurable lysosomal impairment. The
same problem applies to mitochondrial, inflammatory or anti-aggregation strategies when
the enrolled population is biologically heterogeneous.

The prasinezumab programme illustrates the importance and the risk of subgroup
interpretation. The overall early-stage PD trial did not meet its primary outcome, but later
analyses suggested that patients with features of faster progression may show a larger motor
signal [59-61]. This finding is hypothesis-generating rather than definitive. It nonetheless
supports the broader principle that neuroprotective trials may need to pre-specify biologi-
cally or clinically enriched subgroups rather than rely on broad diagnostic enrolment.

The implication for future trial design is practical but still needs validation. GCase-
targeted trials could pre-specify enrichment or stratification by GBA1 status, GCase activity
and alpha-synuclein SAA status [63,64]. Incretin or metabolic trials could similarly examine
whether baseline inflammatory, metabolic or progression-rate markers identify respon-
der groups [62]. A vulnerability-based framework such as the PVI could help organise
these questions, but only after it has been tested against existing staging systems and
longitudinal outcomes.

6.2. What Still Needs to Be Done

Despite the strength of the mechanistic rationale, several gaps prevent the PVI from
being considered a clinical standard. These gaps are not minor technical issues; they define
the research programme that would be needed before vulnerability-based stratification
could be used safely and meaningfully.

The most fundamental gap is that we know much more about why certain nerve cells
die than why others survive. The VTA dopamine neurons, the calbindin-positive SNpc
cells, and cerebellar Purkinje cells all resist alpha-syn pathology that destroys their neigh-
bours, and their protective biology is almost entirely unstudied. A large-scale molecular
comparison of surviving and dying neurons from PD post-mortem brain tissue, controlling
for disease stage and genetic background, would be transformative.

Second, the PVI requires prospective composite validation (methodological limitations
are addressed in Section 6.4); such work could be embedded into large cohort studies such
as PPMI, with pre-specified endpoints including conversion to PD dementia, clinically
meaningful MoCA decline, motor progression, SAA status, DAT imaging change, institu-
tionalisation and mortality [68]. A realistic validation period would be five to seven years,
depending on baseline disease stage and event rates.

A validation study should test whether the PVI adds predictive value beyond age,
disease duration, baseline motor severity, MoCA, SAA status, DAT imaging and genetic
status alone. Statistical evaluation should include discrimination, calibration, internal
validation, external replication and decision curve analysis. The score should also be tested
for fairness across sex, ancestry, age at onset and access to biomarker testing.
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Essential covariates for PVI validation: When cognitive progression is the primary
endpoint as it is for many PVI applications, additional covariates must be included in any
validation model. Even though amyloid-beta, tau, TDP-43 pathology, APOE genotype, and
vascular burden are not included as core vulnerability domains in the proposed PVI, they
are well-established modifiers of cognitive trajectory in PD and must be incorporated as
essential covariates in any prospective validation of the framework. Specifically:

(a) Amyloid-beta pathology. CSF A342 or AR42/A[340 ratio, or amyloid PET imaging,
should be included as a covariate because amyloid co-pathology is associated with
faster cognitive decline in PD and may confound the relationship between vulnerabil-
ity markers and cognitive outcomes.

(b) Tau pathology. CSF p-taul8l, p-tau217, or tau PET imaging should be included
because tau burden correlates with cognitive impairment and dementia risk in PD,
independent of alpha-synuclein pathology.

(c) TDP-43 pathology. While less readily measurable in living patients, TDP-43 co-
pathology is common in older PD patients and contributes to cognitive decline; when
available, TDP-43 biomarkers (e.g., CSF TDP-43) should be included as covariates.

(d) APOE genotype. APOE &4 status should be included as a covariate because it is the
strongest genetic predictor of cognitive decline in the general population and modifies
the relationship between amyloid pathology and cognitive outcomes in PD.

(e) Vascular burden. White matter hyperintensity burden on MRI, history of cerebrovas-
cular disease, and vascular risk factors (hypertension, diabetes, hyperlipidaemia)
should be included because vascular pathology contributes to cognitive impairment
independently of neurodegenerative pathology.

(f) Co-occurring proteinopathies more broadly. As noted in Section 2.6, co-occurring
proteinopathies (amyloid-beta, tau, TDP-43) were excluded from the primary vul-
nerability domains because they represent extrinsic pathological co-occurrences that
modify clinical expression rather than cell-intrinsic properties determining suscep-
tibility to alpha-synuclein pathology specifically. However, this exclusion does not
diminish their importance; they must be included as covariates and effect modifiers
in any validation study where cognitive progression is the outcome of interest.

The rationale for including these covariates is that they may confound the relationship
between vulnerability markers and cognitive outcomes. For example, a patient with high
PVI score may also have high amyloid burden; without controlling for amyloid, the PVI
might appear to predict cognitive decline when in fact the amyloid burden is the primary
driver. Similarly, APOE ¢4 status modifies the relationship between amyloid pathology
and cognitive outcomes and should therefore be included as a covariate rather than as a
component of the vulnerability score.

Analytical approach for covariate adjustment: We recommend that validation studies
test three nested models in addition to the models described in Section 5.2: Model 4—
baseline modules (1+2+3) + amyloid/tau/APOE covariates; Model 5—baseline modules
(1+2+3) + vascular burden covariates; Model 6—all covariates combined. Comparing
these models will determine whether the PVI adds predictive value beyond established
cognitive modifiers and whether the vulnerability markers and the co-pathology covariates
make independent contributions to prediction. If the PVI's predictive performance is
substantially attenuated by the addition of these covariates, this would suggest that the
vulnerability markers are not independent predictors of cognitive trajectory and that
cognitive progression in PD is primarily determined by co-pathology burden rather than by
cell-intrinsic vulnerability to alpha-synuclein. Only after such analyses can the independent
contribution of vulnerability biology to cognitive outcomes be properly evaluated.
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Third, laboratory models of PD vulnerability currently focus almost entirely on SNpc
dopamine neurons. No published study has compared how dopaminergic, noradrenergic,
cholinergic, and cortical neurons from the same patient respond to identical alpha-syn
exposure under controlled conditions. This comparison would directly answer questions
about cell-intrinsic vulnerability that post-mortem studies cannot. Fourth, the role of
astrocytes (supportive brain cells) in selective vulnerability has been largely overlooked
compared with microglial research. Fifth, most vulnerability studies exclude patients with
mixed brain pathologies (combining PD with Alzheimer’s-type or TDP-43 pathology),
yet mixed pathology is the most common finding in older PD patients. This exclusion
introduces a systematic bias that should be addressed in dedicated studies.

6.3. Vulnerability Biology, Propagation, and Clinical Trajectory

This review argues that the clinical heterogeneity of PD can be understood more
clearly when propagation biology is considered alongside selective neuronal vulnerability.
Alpha-synuclein exposure matters, but the response of each neuronal population depends
on its calcium burden, energetic reserve, lysosomal capacity, axonal architecture and
inflammatory microenvironment. This provides a biologically coherent explanation for
why the same pathological protein can produce different clinical trajectories.

This framing keeps propagation biology firmly in view. Alpha-synuclein spread helps
define the geography of exposure. Vulnerability biology helps explain what happens after
exposure. This distinction is important because therapies that only block propagation
may be insufficient if neurons are already energetically depleted, lysosomally impaired or
exposed to a damaging inflammatory environment.

The GBA1 story provides the clearest example of this principle. The mechanism,
biomarker evidence, and clinical heterogeneity of GBA1-PD are fully detailed in Section 4,
substantially between cohorts, variant types, and ancestral backgrounds. GBA1-PD should
not be described as a separate disease entity: it represents a subgroup with modified
probabilistic risk within the PD spectrum, and individual outcomes remain incompletely
predictable even within this subgroup.

The comparison with related synucleinopathies reinforces the importance of cellu-
lar context. In multiple-system atrophy, alpha-synuclein accumulates predominantly in
oligodendrocytes rather than neurons, producing a different disease architecture [69]. In de-
mentia with Lewy bodies, earlier cortical involvement and different clinicopathological cor-
relations suggest that cortical vulnerability and network context shape the phenotype [70].
The same pathological protein can therefore produce different syndromes depending on
the cell type, region and biological environment in which it accumulates.

The role of co-occurring proteinopathies in modifying PD progression: An important
consideration in any discussion of cognitive trajectory in PD is that most older patients
with PD have co-occurring proteinopathies in addition to alpha-synuclein pathology. Post-
mortem studies consistently demonstrate that a substantial proportion of PD patients have
concomitant amyloid-beta plaques (approximately 30-50%), tau neurofibrillary tangles
(approximately 40-60%), or TDP-43 pathology (approximately 20-40%) at autopsy. These
co-pathologies are not simply epiphenomena; they are independently associated with
cognitive decline and dementia risk in PD. The presence of amyloid-beta pathology, in
particular, is associated with faster cognitive decline and higher dementia risk, while tau
burden correlates with the severity and rate of cognitive impairment. TDP-43 pathology has
been linked to more rapid cognitive decline and higher dementia risk in PD, independent of
Alzheimer’s-type pathology. Vascular burden, including white matter hyperintensities and
lacunar infarcts, also contributes to cognitive impairment and may interact synergistically
with neurodegenerative pathology. This has profound implications for the interpretation of
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vulnerability markers. A patient with high vulnerability to alpha-synuclein pathology (e.g.,
GBAL1 carrier with low GCase activity) may also have high amyloid or tau burden, and the
cognitive decline observed in that patient may be driven by co-pathology rather than by
alpha-synuclein vulnerability alone. Without controlling for these co-pathologies in valida-
tion studies, the independent contribution of vulnerability markers to cognitive outcomes
cannot be properly evaluated. This is why we emphasise—in Sections 2.6 and 5.2—that
amyloid, tau, TDP-43, APOE, and vascular burden must be included as essential covariates
in any prospective validation of the PVI, even though they are not included as core vul-
nerability domains. The PVI should therefore be seen as part of a broader multi-marker
approach to predicting PD progression, rather than as a standalone prognostic tool.

Seen through this framework, the failure of many neuroprotective trials should be
interpreted cautiously. Some targets may have been biologically relevant but tested in insuf-
ficiently stratified populations. The next step is not simply to abandon these mechanisms,
but to test them in cohorts where the target pathway is demonstrably active and where
biomarkers can confirm target engagement.

Digital Biomarkers and Artificial Intelligence: The Next Frontier in
Vulnerability Stratification

The future evolution of vulnerability-based stratification in Parkinson’s disease will
likely depend not only on molecular biomarkers but also on the integration of digital
biomarkers capable of continuously capturing subtle functional changes during the earliest
stages of disease progression. Advances in wearable technologies, smartphone-based
assessments, passive home monitoring, and remote sensing now enable objective mea-
surement of gait dynamics, balance, tremor characteristics, speech alterations, typing
behaviour, sleep architecture, and daily physical activity under real-world conditions.
Unlike conventional clinical assessments, which provide only intermittent snapshots of dis-
ease status, digital biomarkers generate high-frequency longitudinal data that may reveal
dynamic changes in neuronal function before measurable structural neurodegeneration
becomes apparent.

Importantly, these technologies should not be viewed as replacements for biological
biomarkers such as GBA1 genotype, glucocerebrosidase activity, «a-synuclein seed amplifi-
cation assays, or neuroimaging, but rather as complementary measures that capture the
functional consequences of underlying biological vulnerability. Continuous monitoring of
motor and non-motor performance may improve the identification of patients with accel-
erated disease trajectories and facilitate more precise phenotypic characterisation within
biologically defined subgroups.

The multidimensional nature of the proposed Parkinson’s Vulnerability Index also
highlights the growing importance of artificial intelligence (AI) and machine learning
approaches. Integrating genomic, biochemical, neuroimaging, digital, and clinical data
into a unified predictive framework exceeds the capabilities of conventional statistical
models. Machine learning algorithms offer the opportunity to identify complex nonlinear
interactions among vulnerability domains, optimise biomarker weighting, and generate
individualised risk profiles based on multimodal datasets. Future prospective cohort
studies incorporating biological, imaging, and digital biomarkers may therefore provide
the empirical foundation necessary to transform the current conceptual framework into a
validated precision medicine platform.

Although digital biomarkers remain under active validation and important challenges
regarding standardisation, interoperability, data privacy, and clinical implementation
persist, they represent one of the most promising avenues for future research. Their
integration with molecular biomarkers may ultimately enable continuous, non-invasive
monitoring of neuronal vulnerability, improve patient stratification for disease-modifying
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clinical trials, and support the development of truly personalised therapeutic strategies in
Parkinson’s disease.

6.4. Limitations

This review should be interpreted in light of several important limitations. First,
despite employing a structured search strategy with predefined eligibility criteria, inde-
pendent screening by two reviewers, and transparent evidence selection, the present work
remains a structured critical narrative review rather than a systematic review or meta-
analysis. Consequently, the synthesis is inherently qualitative and does not provide pooled
effect estimates, quantitative measures of heterogeneity, or formal comparative assessments
of evidence strength across studies.

Second, the literature included in this review is characterised by substantial method-
ological heterogeneity. The available evidence encompasses human post-mortem investi-
gations, genetic association studies, biomarker research, neuroimaging studies, induced
pluripotent stem cell models, animal experiments, and longitudinal clinical cohorts. These
study designs differ considerably with respect to patient selection, disease stage, experimen-
tal methodology, outcome definitions, and biomarker measurement techniques, limiting
direct comparisons and precluding quantitative synthesis.

Third, although methodological quality was critically considered during evidence
appraisal, no formal risk-of-bias instrument (such as RoB 2, ROBINS-I, or the Newcastle-
Ottawa Scale) was applied because of the narrative design and the diversity of included
study types. Consequently, the relative contribution of individual studies to the overall
conclusions inevitably reflects expert interpretation, introducing a degree of subjectivity
that cannot be entirely eliminated.

Fourth, the five vulnerability domains proposed in this review were identified through
an iterative evidence-synthesis process rather than through a formal consensus methodol-
ogy or data-driven statistical framework. To enhance transparency, we have documented
in Section 2.6 the assessment of each candidate mechanism against the three pre-specified
criteria (reproducibility across biological platforms, mechanistic relevance to selective neu-
ronal vulnerability, and translational potential), along with the justification for the final
classification decision (included, nested within an existing domain, or excluded). This
transparent audit trail allows readers to evaluate the evidentiary basis for our domain
selection. Nevertheless, the final selection remains partially dependent on expert judge-
ment. Alternative conceptual classifications or weighting of biological mechanisms may
therefore be equally plausible, and future Delphi-based consensus studies or quantitative
evidence-mapping approaches could further refine this framework.

An additional limitation concerns the translational maturity of currently available
biomarkers. While several candidate markers, particularly GBA1 genotype, glucocerebrosi-
dase activity, and cerebrospinal fluid a-synuclein seed amplification assays, show consider-
able promise, many proposed biomarkers remain incompletely standardised. Differences
in assay platforms, laboratory protocols, pre-analytical processing, reference ranges, and
threshold definitions reduce comparability across studies and currently limit immediate
implementation in routine clinical practice.

Furthermore, the proposed Parkinson’s Vulnerability Index (PVI) should be regarded
exclusively as a hypothesis-generating research framework. The proposed variables, do-
main weights, and threshold values were derived from biological plausibility and the
current literature rather than from prospective multivariable modelling or statistical op-
timisation. Accordingly, the PVI has not undergone external validation, calibration, dis-
crimination testing, or assessment of incremental prognostic value relative to established
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biological staging systems such as SynNeurGe or the NSD-ISS. Its clinical utility therefore
remains entirely unproven.

Additionally, the absence of established covariates in the current PVI framework
represents a significant limitation that must be acknowledged. While the PVI focuses on
cell-intrinsic vulnerability mechanisms, it does not currently incorporate well-established
modifiers of cognitive trajectory including amyloid-beta pathology, tau pathology, TDP-43
co-pathology, APOE genotype, and vascular burden. These factors are known to substan-
tially modify the clinical expression of PD, particularly cognitive decline and dementia risk,
and their omission from the PVI score means that the framework cannot currently account
for their confounding effects. This is a deliberate design choice these factors were excluded
from the core vulnerability domains because they represent extrinsic co-pathologies rather
than cell-intrinsic properties but it is nonetheless a limitation that must be transparently
communicated. Any future prospective validation of the PVI must include these factors as
essential covariates, as detailed in Section 5.2. Without such adjustment, the independent
contribution of vulnerability markers to cognitive outcomes cannot be properly evaluated.
The PVI should therefore be understood as a framework that complements, rather than
replaces, existing knowledge about other determinants of disease progression. Future itera-
tions of the PVI should consider whether some of these covariates should be incorporated
into an expanded framework, particularly as biomarkers for amyloid, tau, TDP-43, and
vascular burden become more widely available and standardised.

Finally, Parkinson’s disease is a biologically complex and multidimensional disorder,
and additional mechanisms including epigenetic regulation, ferroptosis, neurovascular
dysfunction, DNA damage responses, systemic immune interactions, and concomitant
proteinopathies may contribute significantly to neuronal vulnerability. These mechanisms
were intentionally not incorporated as independent domains because current evidence does
not yet support robust patient-level biomarker stratification. As knowledge of PD biology
evolves, future iterations of the proposed framework will likely require modification to
incorporate newly validated molecular pathways and biomarkers.

An additional limitation that warrants explicit emphasis concerns the provisional
nature of the global PVI risk bands (0-2, 3-5, >6). Although we have stated throughout this
review that the point weights and thresholds are illustrative and not statistically derived,
we acknowledge that the continued presentation of these bands as ‘low,” ‘intermediate,’
and ‘high” may inadvertently convey a degree of quantitative validity that is not currently
supported by evidence. These bands are heuristic research proposals awaiting empirical
derivation and validation; they should not be interpreted as evidence-based risk categories.
Any future validation study must derive risk bands empirically from the distribution of
the composite score in the training dataset, optimise weights using appropriate statistical
methods, and validate the score on an independent external cohort before any categori-
sation is applied. Until such work has been completed, the proposed bands should be
understood exclusively as hypothesis-generating tools for research design, not as validated
prognostic instruments.

Despite these limitations, the present review provides a biologically integrated synthe-
sis of current evidence regarding selective neuronal vulnerability in Parkinson’s disease
and proposes a transparent conceptual framework intended to stimulate prospective vali-
dation studies. Future multicentre longitudinal cohorts integrating multimodal biomarkers,
standardised laboratory methodologies, and advanced computational modelling will be
essential to determine whether vulnerability-based stratification can improve prognostic
assessment and facilitate precision medicine approaches in Parkinson’s disease.
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6.5. Ethical Considerations and Equity

The ethical dimension is equally important. A high vulnerability score could affect
anxiety, family planning, insurance concerns, trial access and prognostic conversations.
Any future implementation would require pre-test counselling, transparent communication
of uncertainty, equitable access to testing and safeguards against using an unvalidated
score to restrict or prioritise care. For now, the PVI is best understood as a framework for
research, validation and trial design.

More specifically: incomplete penetrance means most variant carriers will not de-
velop the predicted clinical outcome individually; incidental findings have implications for
relatives who have not consented to testing; variants of uncertain significance require struc-
tured expert reclassification before disclosure; pre-test and post-test genetic counselling by
appropriately trained personnel is a prerequisite; access to biomarker testing is unequal
globally; olfactory testing requires culturally appropriate normative data; and GCase as-
say thresholds derived predominantly from European cohorts require recalibration for
populations with different GBA1 allele frequencies.

Prospective validation must include diverse populations, ancestry-stratified reference
ranges, and a commitment to equitable access. Access disparities represent a fundamental
ethical concern that the manuscript must address directly and prominently. The five PVI
components include interventions and tests with substantially different availability and cost
profiles across healthcare systems. Genetic testing for GBA1, LRRK2, and PINK1/PARKIN
is increasingly available in high-income settings but is not routinely accessible in low- and
middle-income countries, where the majority of the world’s PD population resides.

A further equity consideration concerns the covariates proposed for PVI validation.
The inclusion of amyloid, tau, TDP-43, and APOE biomarkers in validation studies
raises additional access barriers. CSF collection for amyloid and tau biomarkers re-
quires lumbar puncture, an invasive procedure with limited availability in many settings.
Amyloid and tau PET imaging requires access to cyclotron facilities for radiotracer
production, specialised PET infrastructure, and substantial financial resources that are
unavailable in most healthcare systems globally. APOE genotyping is relatively accessi-
ble but raises the same genetic counselling and cascade testing concerns as GBA1 and
LRRK?2 testing. Vascular burden assessment by MRI requires access to neuroimaging
infrastructure that is also unevenly distributed. The requirement to include these co-
variates in validation studies therefore creates a tension: scientifically necessary for
valid inference, but practically inequitable in its access implications. This tension must
be explicitly addressed in study design. Validation studies should consider whether
less invasive or more accessible proxy measures (e.g., plasma p-tau217 as a proxy for
amyloid and tau pathology, or vascular risk factor scores as a proxy for vascular burden)
could serve as adequate covariates while maintaining feasibility across diverse settings.
However, the use of proxy measures requires independent validation before they can be
confidently substituted for gold-standard biomarkers. This is an area requiring careful
methodological development.

Cerebrospinal fluid collection by lumbar puncture is an invasive procedure associated
with patient burden, procedural risk, and technical demands that limit its use in many
settings; its routine use for GCase measurement or SAA testing must not be assumed to be
feasible across all clinical environments. Alpha-synuclein SAA testing requires specialist
laboratory infrastructure and standardised quality control procedures that are concentrated
in academic centres in high-income countries; a research framework proposing SAA as
a scored component must acknowledge that this creates an inherent access inequality in
who can participate in validation studies and in who can benefit from any future stratified
care approach.
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Dopamine transporter SPECT (DAT-SPECT) is a nuclear imaging investigation that
requires a cyclotron facility for radiotracer production, licenced nuclear medicine in-
frastructure, radiation protection procedures, and specialist reporting. In many health
systems, even within high-income countries, it is not universally available and is associ-
ated with substantial cost. Proposing DAT-SPECT as a routine scored component of a
vulnerability index raises significant equity concerns: a scoring framework that assigns
points for access to expensive investigations will systematically produce higher scores in
patients with better healthcare access, independent of their true biological vulnerability.
This access-driven confounding must be explicitly acknowledged as a limitation and as
a design priority for future validation studies. Ancestry-related bias in reference data
and assay calibration is a second major equity concern that affects multiple components
of the PVI framework.

GCase activity reference ranges and risk-associated thresholds have been established
predominantly in European and Ashkenazi Jewish cohorts; the applicability of these thresh-
olds to patients of African, Asian, Latin American, or any other ancestry has not been
validated and cannot be assumed. GBA1 variant frequencies, allele compositions, and asso-
ciated penetrance estimates differ substantially between ancestral populations, meaning
that variant classification frameworks and risk estimates derived from one population may
not apply to another.

The University of Pennsylvania Smell Identification Test (UPSIT), used for olfactory
scoring in the PVI, was primarily developed and normed in North American populations
of predominantly European ancestry. The 40 odorants used in the UPSIT include items (e.g.,
root beer, bubble gum, pizza) that are culturally specific and unfamiliar to test-takers from
populations not exposed to these scents, introducing systematic bias against individuals
from non-Western cultural backgrounds. This olfactory assessment bias is not only a
technical issue but also a matter of scientific validity: lower UPSIT scores in culturally
non-matched populations will falsely suggest greater vulnerability and inflate PVI scores
in certain groups.

The alpha-synuclein SAA literature is also derived primarily from European and
North American cohorts; whether assay performance characteristics (sensitivity, speci-
ficity, threshold for positivity) are equivalent across ancestral backgrounds has not
been established. The need for validated local normative data is therefore not optional
but scientifically essential for several PVI components. Olfactory function must be as-
sessed using locally validated normative datasets that account for age, sex, and cultural
background in the population being tested; use of UPSIT North American norms in
non-Western populations is methodologically unjustified and should not be permitted
in PVI validation studies. GCase activity reference ranges must be established locally
using the specific assay platform, substrate, and normalisation method applied in each
research centre, and must be calibrated in an ancestry-matched reference population.

DAT-SPECT striatal binding ratio normative data vary between camera types, re-
construction algorithms, and imaging protocols; locally validated age- and sex-matched
reference ranges are required for any quantitative threshold to be applied with validity.
Cognitive normative data for the MoCA similarly require local validation, since educa-
tional attainment, language background, and cultural context all influence performance
on standard cognitive screening instruments independently of dementia-related pathol-
ogy. The implications for biological relatives of patients receiving genetic testing as part
of the PVI framework deserve fuller discussion than the brief mention above. When a
pathogenic GBA1 or LRRK2 variant is identified, this result has direct implications for
first-degree relatives (parents, siblings, children) who share a 50% probability of carrying
the same variant.
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These relatives have not consented to receiving genetic information and may not wish
to know their carrier status. The cascade testing implications must be discussed with the
patient as part of pre-test counselling, and results must be communicated in a way that
respects both the patient’s right to know and the relatives’ right not to know. A GBA1
result also has implications for reproductive decision-making in patients of childbearing
age, since biallelic GBA1 inheritance causes Gaucher disease in offspring; this reproductive
counselling dimension requires specialist genetic counselling expertise beyond the scope of
general neurology practice.

Taken together, these considerations lead to a clear conclusion: the PVI framework
as currently proposed would be equitable only if implemented within research studies
that (a) include diverse populations across ancestral backgrounds and healthcare contexts;
(b) establish locally validated reference ranges for all scored components before applying
thresholds; (c) provide appropriately trained genetic counsellors for pre-test and post-
test counselling in studies involving genetic testing; (d) use culturally validated olfactory
testing instruments or alternative measures of olfactory function; (e) actively address
access disparities in study design, including by not requiring expensive investigations
such as DAT-SPECT or lumbar puncture in all study participants. The PVI must not
be implemented in ways that systematically advantage patients with better healthcare
access, more favourable ancestry-matched reference data, or greater proximity to specialist
academic centres.

7. Conclusions

The central message of this review is that the clinical heterogeneity of Parkinson’s
disease has a plausible biological basis in selective neuronal vulnerability. Current evidence
points to five interacting domains that influence whether a neuron can tolerate alpha-
synuclein exposure: calcium handling, mitochondrial and energetic capacity, lysosomal
clearance, axonal and synaptic architecture, and the local inflammatory environment. The
strongest translational example is the GBA1/GCase pathway, where genetic and enzymatic
variation links lysosomal biology to measurable clinical risk.

The Parkinson’s Vulnerability Index proposed here translates this biology into a
testable research framework. By integrating genetic, enzymatic, protein-seeding, cogni-
tive, olfactory, and imaging data, the PVI provides a structured research instrument for
testing whether vulnerability biology improves prediction of individual clinical trajec-
tory and enhances selection for mechanism-targeted therapeutic trials. The PVI has not
yet been validated for clinical use and must not be applied outside a formally approved
research protocol.

The most urgent research priorities are prospective validation of the composite score,
direct comparison with existing biological staging systems, systematic study of resistant
neuronal populations, and redesign of neuroprotective trials around biological vulnera-
bility rather than clinical diagnosis alone. Future studies should test whether adding
vulnerability measures to alpha-synuclein status, genetic status and neurodegeneration
markers improves prediction sufficiently to justify their use in a trial design.

Precision medicine in PD will depend on matching biological targets to the patient
groups most likely to benefit. Vulnerability-based stratification may help move the field in
that direction, provided it is tested carefully, communicated honestly and used ethically.
The evidence is strong enough to justify validation of this framework, but not yet strong
enough to treat it as a clinical guideline.

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.3390/medsci14040489

Med. Sci. 2026, 14, 489 44 of 47

Author Contributions: Conceptualisation, L.L.-P. and A.V.; methodology, A.N.; software, A.M.;
validation, S.S., G.P. and T.G.S.; formal analysis, R.C. and M.M.; investigation, L.-E.C. and R.O.;
resources, L.C.D.-C.; data curation, R.S.C.; writing—original draft preparation, R.C.; writing—review
and editing, C.M.C.; visualisation, A.C.; supervision, A.V.; project administration, L.L.-P.; funding
acquisition, L.R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: During the preparation of this manuscript, the authors used Grammarly (web-
based version; accessed in 2026) and DeepL Write (web-based version; accessed in 2026) for the
purposes of grammar correction, spelling, punctuation, formatting, and general language editing.
The authors have reviewed and edited all output generated by these tools and take full responsibility
for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  GBD 2016 Parkinson’s Disease Collaborators. Global, Regional, and National Burden of Parkinson’s Disease, 1990-2016: A
Systematic Analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2018, 17, 939-953. [CrossRef] [PubMed]

2. Tanner, C.M,; Ostrem, ].L. Parkinson’s Disease. N. Engl. |. Med. 2024, 391, 442-452. [CrossRef] [PubMed]

3. Braak, H.; Del Tredici, K.; Riib, U.; de Vos, R.A.; Jansen Steur, E.N.; Braak, E. Staging of Brain Pathology Related to Sporadic
Parkinson’s Disease. Neurobiol. Aging 2003, 24, 197-211. [CrossRef]

4.  Luk, K.C; Kehm, V,; Carroll, J.; Zhang, B.; O’Brien, P,; Trojanowski, ].Q.; Lee, V.M.Y. Pathological «-Synuclein Transmission
Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. Science 2012, 338, 949-953. [CrossRef] [PubMed]

5. Kordower, J.H.; Chu, Y.; Hauser, R.A.; Freeman, T.B.; Olanow, C.W. Lewy Body-like Pathology in Long-Term Embryonic Nigral
Transplants in Parkinson’s Disease. Nat. Med. 2008, 14, 504-506. [CrossRef] [PubMed]

6.  Hirsch, E.C.; Faucheux, B.; Damier, P.; Mouatt-Prigent, A.; Agid, Y. Neuronal Vulnerability in Parkinson’s Disease. ]. Neural
Transm. Suppl. 1997, 50, 79-88. [CrossRef] [PubMed]

7.  Dickson, D.W.; Braak, H.; Duda, J.E.; Duyckaerts, C.; Gasser, T.; Halliday, G.M.; Hardy, J.; Leverenz, ].B.; Del Tredici, K.; Wszolek,
ZXK.; et al. Neuropathological Assessment of Parkinson’s Disease: Refining the Diagnostic Criteria. Lancet Neurol. 2009, 8,
1150-1157. [CrossRef] [PubMed]

8. Simuni, T.; Chahine, L.M.; Poston, K.; Brumm, M.; Buracchio, T.; Campbell, M.; Chowdhury, S.; Coffey, C.; Concha-Marambio, L.;
Dam, T.; et al. A Biological Definition of Neuronal x-Synuclein Disease: Towards an Integrated Staging System for Research.
Lancet Neurol. 2024, 23, 178-190. [CrossRef] [PubMed]

9. Hoglinger, G.U.; Adler, C.H.; Berg, D.; Klein, C.; Outeiro, T.F.; Poewe, W.; Postuma, R.; Stoessl, A.]J.; Lang, A.E. A Biological
Classification of Parkinson’s Disease: The SynNeurGe Research Diagnostic Criteria. Lancet Neurol. 2024, 23, 191-204. [CrossRef]
[PubMed]

10. Cardoso, E; Goetz, C.G.; Mestre, T.A.; Sampaio, C.; Adler, C.H.; Berg, D.; Bloem, B.R.; Burn, D.J.; Fitts, M.S.; Gasser, T,; et al. A
Statement of the MDS on Biological Definition, Staging, and Classification of Parkinson’s Disease. Mov. Disord. 2024, 39, 259-266.
[CrossRef] [PubMed]

11. Dam, T.; Pagano, G.; Brumm, M.C.; Gochanour, C.; Poston, K.L.; Weintraub, D.; Chahine, L.M.; Coffey, C.; Tanner, C.M.; Kopil,
C.M.; et al. Neuronal Alpha-Synuclein Disease Integrated Staging System Performance in PPMI, PASADENA, and SPARK
Baseline Cohorts. npj Park. Dis. 2024, 10, 178. [CrossRef] [PubMed]

12.  Chan, C.S.; Guzman, ].N,; Ilijjic, E.; Mercer, ].N.; Rick, C.; Tkatch, T.; Meredith, G.E.; Surmeier, D.]J. ‘Rejuvenation’ Protects Neurons
in Mouse Models of Parkinson’s Disease. Nature 2007, 447, 1081-1086. [CrossRef] [PubMed]

13. Surmeier, D.J.; Guzman, J.N.; Sanchez-Padilla, J.; Schumacker, P.T. The Role of Calcium and Mitochondrial Oxidant Stress in the
Loss of substantia nigra pars compacta Dopaminergic Neurons. Neuroscience 2011, 198, 221-231. [CrossRef] [PubMed]

14. Brichta, L.; Greengard, P. Molecular Determinants of Selective Dopaminergic Vulnerability in Parkinson’s Disease. Front.

Neuroanat. 2014, 8, 152. [CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.1016/S1474-4422(18)30295-3
https://www.ncbi.nlm.nih.gov/pubmed/30287051
https://doi.org/10.1056/NEJMra2401857
https://www.ncbi.nlm.nih.gov/pubmed/39083773
https://doi.org/10.1016/S0197-4580(02)00065-9
https://doi.org/10.1126/science.1227157
https://www.ncbi.nlm.nih.gov/pubmed/23161999
https://doi.org/10.1038/nm1747
https://www.ncbi.nlm.nih.gov/pubmed/18391962
https://doi.org/10.1007/978-3-7091-6842-4_9
https://www.ncbi.nlm.nih.gov/pubmed/9120427
https://doi.org/10.1016/S1474-4422(09)70238-8
https://www.ncbi.nlm.nih.gov/pubmed/19909913
https://doi.org/10.1016/S1474-4422(23)00405-2
https://www.ncbi.nlm.nih.gov/pubmed/38267190
https://doi.org/10.1016/S1474-4422(23)00404-0
https://www.ncbi.nlm.nih.gov/pubmed/38267191
https://doi.org/10.1002/mds.29683
https://www.ncbi.nlm.nih.gov/pubmed/38093469
https://doi.org/10.1038/s41531-024-00789-w
https://www.ncbi.nlm.nih.gov/pubmed/39333167
https://doi.org/10.1038/nature05865
https://www.ncbi.nlm.nih.gov/pubmed/17558391
https://doi.org/10.1016/j.neuroscience.2011.08.045
https://www.ncbi.nlm.nih.gov/pubmed/21884755
https://doi.org/10.3389/fnana.2014.00152
https://www.ncbi.nlm.nih.gov/pubmed/25565977
https://doi.org/10.3390/medsci14040489

Med. Sci. 2026, 14, 489 45 of 47

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Parkinson Study Group STEADY-PD III Investigators. Isradipine versus Placebo in Early Parkinson Disease: A Randomized Trial.
Ann. Intern. Med. 2020, 172, 591-598. [CrossRef] [PubMed]

Bolam, J.P; Pissadaki, E.K. Living on the Edge with Too Many Mouths to Feed: Why Dopamine Neurons Die. Mov. Disord. 2012,
27,1478-1483. [CrossRef] [PubMed]

Schapira, A.H.; Cooper, ].M.; Dexter, D.; Clark, ].B.; Jenner, P.; Marsden, C.D. Mitochondrial Complex I Deficiency in Parkinson’s
Disease. J. Neurochem. 1990, 54, 823-827. [CrossRef] [PubMed]

Devi, L.; Raghavendran, V,; Prabhu, B.M.; Avadhani, N.G.; Anandatheerthavarada, H.K. Mitochondrial Import and Accumulation
of «-Synuclein Impair Complex I in Human Dopaminergic Neuronal Cultures and Parkinson Disease Brain. J. Biol. Chem. 2008,
283,9089-9100. [CrossRef] [PubMed]

Pacelli, C.; Giguere, N.; Bourque, M.].; Lévesque, M.; Slack, R.S.; Trudeau, L.E. Elevated Mitochondrial Bioenergetics and Axonal
Arborization Size Are Key Contributors to the Vulnerability of Dopamine Neurons. Curr. Biol. 2015, 25, 2349-2360. [CrossRef]
[PubMed]

Burbulla, L.E,; Song, P.; Mazzulli, ].R.; Zampese, E.; Wong, Y.C.; Jeon, S.; Santos, D.P.; Blanz, J.; Obermaier, C.D.; Strojny, C.; et al.
Dopamine Oxidation Mediates Mitochondrial and Lysosomal Dysfunction in Parkinson’s Disease. Science 2017, 357, 1255-1261.
[CrossRef] [PubMed]

Giguere, N.; Burke Nanni, S.; Trudeau, L.E. On Cell Loss and Selective Vulnerability of Neuronal Populations in Parkinson’s
Disease. Front. Neurol. 2018, 9, 455. [CrossRef] [PubMed]

Calabresi, P.; Mechelli, A.; Natale, G.; Volpicelli-Daley, L.; Di Lazzaro, G.; Ghiglieri, V. Alpha-Synuclein in Parkinson’s Disease
and Other Synucleinopathies: From Overt Neurodegeneration Back to Early Synaptic Dysfunction. Cell Death Dis. 2023, 14, 176.
[CrossRef] [PubMed]

Cuervo, A.M.; Stefanis, L.; Fredenburg, R.; Lansbury, PT.; Sulzer, D. Impaired Degradation of Mutant x-Synuclein by Chaperone-
Mediated Autophagy. Science 2004, 305, 1292-1295. [CrossRef] [PubMed]

Sidransky, E.; Nalls, M.A; Aasly, ].O.; Aharon-Peretz, J.; Annesi, G.; Barbosa, E.R.; Bar-Shira, A.; Berg, D.; Bras, J.; Brice, A.; et al.
Multicenter Analysis of Glucocerebrosidase Mutations in Parkinson’s Disease. N. Engl. . Med. 2009, 361, 1651-1661. [CrossRef]
[PubMed]

Mazzulli, J.R,; Xu, YH.; Sun, Y,; Knight, A.L.; McLean, PJ.; Caldwell, G.A.; Sidransky, E.; Grabowski, G.A.; Krainc, D. Gaucher
Disease Glucocerebrosidase and «-Synuclein Form a Bidirectional Pathogenic Loop. Cell 2011, 146, 37-52. [CrossRef] [PubMed]
Mazzulli, J.R.,; Zunke, F; Isacson, O.; Studer, L.; Krainc, D. a-Synuclein-Induced Lysosomal Dysfunction Occurs through
Disruptions in Protein Trafficking in Human Midbrain Synucleinopathy Models. Proc. Natl. Acad. Sci. USA 2016, 113, 1931-1936.
[CrossRef] [PubMed]

Zhang, X.; Wu, H,; Tang, B.; Guo, J. Clinical, Mechanistic, Biomarker, and Therapeutic Advances in GBA1-Associated Parkinson’s
Disease. Transl. Neurodegener. 2024, 13, 48. [CrossRef] [PubMed]

Winder-Rhodes, S.E.; Evans, J.R.; Ban, M.; Mason, S.L.; Williams-Gray, C.H.; Foltynie, T.; Duran, R.; Mencacci, N.E.; Sawcer, S.J.;
Barker, R.A. Glucocerebrosidase Mutations Influence the Natural History of Parkinson’s Disease in a Community-Based Incident
Cohort. Brain 2013, 136, 392-399. [CrossRef] [PubMed]

Petrucci, S.; Ginevrino, M.; Trezzi, I.; Monfrini, E.; Ricciardi, L.; Albanese, A.; Avenali, M.; Barone, P.; Bentivoglio, A.R.; Bonifati,
V.; et al. GBA1-Related Parkinson’s Disease: Genotype-Phenotype Correlates in a Large Italian Cohort. Mov. Disord. 2020, 35,
2106-2111. [CrossRef] [PubMed]

Pang, S.Y.Y;; Lo, R.C.N.; Ho, PW.L,; Liu, H.F;; Chang, E.E.S.; Leung, C.T.; Malki, Y.; Choi, Z.Y.K.; Wong, W.Y.; Kung, M.HW.;
et al. LRRK2, GBA and Their Interaction in the Regulation of Autophagy in Parkinson’s Disease. Transl. Neurodegener. 2022, 11, 5.
[CrossRef] [PubMed]

Skrahin, A.; Horowitz, M.; Istaiti, M.; Skrahina, V.; Lukas, J.; Yahalom, G.; Cohen, M.E.; Revel-Vilk, S.; Goker-Alpan, O.;
Becker-Cohen, M.; et al. GBA1-Associated Parkinson’s Disease Is a Distinct Entity. Int. . Mol. Sci. 2024, 25, 7102. [CrossRef]
[PubMed]

Lanore, A.; Tesson, C.; Basset, A.; Lejeune, EX.; Cogan, G.; Mangone, G.; Sambin, S.; Bertille, N.; Anheim, M.; Arnulf, L; et al.
Classification of GBA1 Variants and Their Impact on Parkinson’s Disease: An In Silico Score Analysis. npj Park. Dis. 2025, 11, 226.
[CrossRef] [PubMed]

Roben, B.; Liepelt-Scarfone, I.; Lerche, S.; Zimmermann, M.; Wurster, I; Stinkel, U.; Schulte, C.; Deuschle, C.; Eschweiler, G.W,;
Maetzler, W.; et al. Longitudinal Cognitive Decline Characterizes the Profile of Non-PD-Manifest GBA1 Mutation Carriers. npj
Park. Dis. 2024, 10, 88. [CrossRef] [PubMed]

Caminiti, S.P.; Avenali, M.; Galli, A.; Malito, R.; Cuconato, G.; Galandra, C.; Calabrese, R.; Pilotto, A.; Padovani, A.; Blandini, F,;
et al. Male Sex Accelerates Cognitive Decline in GBA1 Parkinson’s Disease. npj Park. Dis. 2025, 11, 41. [CrossRef] [PubMed]

Li, Q; Bi, Z,; Liang, W.; Yin, S.; Li, H.; Liang, Z.; Wu, M.; Quan, J.; Li, C. Effects of Glucocerebrosidase Gene Variations on the Risk
of Parkinson’s Disease Dementia: A Meta-Analysis. Front. Aging Neurosci. 2025, 17, 1671760. [CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.7326/M19-2534
https://www.ncbi.nlm.nih.gov/pubmed/32227247
https://doi.org/10.1002/mds.25135
https://www.ncbi.nlm.nih.gov/pubmed/23008164
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://www.ncbi.nlm.nih.gov/pubmed/2154550
https://doi.org/10.1074/jbc.M710012200
https://www.ncbi.nlm.nih.gov/pubmed/18245082
https://doi.org/10.1016/j.cub.2015.07.050
https://www.ncbi.nlm.nih.gov/pubmed/26320949
https://doi.org/10.1126/science.aam9080
https://www.ncbi.nlm.nih.gov/pubmed/28882997
https://doi.org/10.3389/fneur.2018.00455
https://www.ncbi.nlm.nih.gov/pubmed/29971039
https://doi.org/10.1038/s41419-023-05672-9
https://www.ncbi.nlm.nih.gov/pubmed/36859484
https://doi.org/10.1126/science.1101738
https://www.ncbi.nlm.nih.gov/pubmed/15333840
https://doi.org/10.1056/NEJMoa0901281
https://www.ncbi.nlm.nih.gov/pubmed/19846850
https://doi.org/10.1016/j.cell.2011.06.001
https://www.ncbi.nlm.nih.gov/pubmed/21700325
https://doi.org/10.1073/pnas.1520335113
https://www.ncbi.nlm.nih.gov/pubmed/26839413
https://doi.org/10.1186/s40035-024-00437-6
https://www.ncbi.nlm.nih.gov/pubmed/39267121
https://doi.org/10.1093/brain/aws318
https://www.ncbi.nlm.nih.gov/pubmed/23413260
https://doi.org/10.1002/mds.28195
https://www.ncbi.nlm.nih.gov/pubmed/32658388
https://doi.org/10.1186/s40035-022-00281-6
https://www.ncbi.nlm.nih.gov/pubmed/35101134
https://doi.org/10.3390/ijms25137102
https://www.ncbi.nlm.nih.gov/pubmed/39000225
https://doi.org/10.1038/s41531-025-01060-6
https://www.ncbi.nlm.nih.gov/pubmed/40753162
https://doi.org/10.1038/s41531-024-00706-1
https://www.ncbi.nlm.nih.gov/pubmed/38649346
https://doi.org/10.1038/s41531-025-00883-7
https://www.ncbi.nlm.nih.gov/pubmed/40038314
https://doi.org/10.3389/fnagi.2025.1671760
https://www.ncbi.nlm.nih.gov/pubmed/41323658
https://doi.org/10.3390/medsci14040489

Med. Sci. 2026, 14, 489 46 of 47

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ni, Y,; Cai, H.; Shao, Y.; Le, W. Multi-Omics Insights into GBA1-Associated Parkinson’s Disease: Interplay of Genomics,
Transcriptomics, Proteomics, and Lipidomics. Mol. Neurodegener. 2026, 21, 6. [CrossRef] [PubMed]

Hanff, AM.; McCrum, C.; Rauschenberger, A.; Pachchek, S.; Aguayo, G.A.; Pauly, C.; Jéonsdéttir, S.R.; Tsurkalenko, O.; Pauly, L.;
Landoulsi, Z.; et al. Progression of GBA1 Severe and Risk Variants: A Longitudinal Mixed Model Analysis. Front. Aging Neurosci.
2026, 18, 1771789. [CrossRef] [PubMed]

Reeve, A K,; Grady, ].P.; Cosgrave, E.M.; Bennison, E.; Chen, C.; Hepplewhite, P.D.; Morris, C.M. Mitochondrial Dysfunction
within the Synapses of Substantia Nigra Neurons in Parkinson’s Disease. npj Park. Dis. 2018, 4, 9. [CrossRef] [PubMed]
Schulz-Schaeffer, W.J. The Synaptic Pathology of «-Synuclein Aggregation in Dementia with Lewy Bodies, Parkinson’s Disease
and Parkinson’s Disease Dementia. Acta Neuropathol. 2010, 120, 131-143. [CrossRef] [PubMed]

Henrich, M.T.; Geibl, EE.; Lakshminarasimhan, H.; Stegmann, A.; Giasson, B.I.; Mao, X.; Dawson, V.L.; Dawson, T.M.; Oertel,
W.H.; Surmeier, D.]J. Determinants of Seeding and Spreading of x-Synuclein Pathology in the Brain. Sci. Adv. 2020, 6, eabc2487.
[CrossRef] [PubMed]

Wang, Q.; Wang, M.; Choi, L; Sarrafha, L.; Liang, M.; Ho, L.; Farrell, K.; Beaumont, K.G.; Sebra, R.; De Sanctis, C.; et al. Molecular
Profiling of Human Substantia Nigra Identifies Diverse Neuron Types Associated with Vulnerability in Parkinson’s Disease. Sci.
Adv. 2024, 10, eadi8287. [CrossRef] [PubMed]

Martirosyan, A.; Ansari, R.; Pestana, F; Hebestreit, K.; Gasparyan, H.; Aleksanyan, R.; Hnatova, S.; Poovathingal, S.; Marneffe, C.;
Thal, D.R; et al. Unravelling Cell Type-Specific Responses to Parkinson’s Disease at Single Cell Resolution. Mol. Neurodegener.
2024, 19, 7. [CrossRef] [PubMed]

Kim, C.; Ho, D.H,; Suk, J.E.; You, S.; Michael, S.; Kang, J.; Joong Lee, S.; Masliah, E.; Hwang, D.; Lee, H].; et al. Neuron-Released
Oligomeric a-Synuclein Is an Endogenous Agonist of TLR2 for Paracrine Activation of Microglia. Nat. Commun. 2013, 4, 1562.
[CrossRef] [PubMed]

Eo, H.; Kim, S.; Jung, U.J.; Kim, S.R. Alpha-Synuclein and Microglia in Parkinson’s Disease. J. Clin. Med. 2024, 13, 7243. [CrossRef]
[PubMed]

Smaji¢, S.; Prada-Medina, C.A.; Landoulsi, Z.; Ghelfi, J.; Delcambre, S.; Dietrich, C.; Jarazo, J.; Henck, J.; Balachandran, S,;
Pachchek, S.; et al. Single-Cell Sequencing of Human Midbrain Reveals Glial Activation and a Parkinson-Specific Neuronal State.
Brain 2022, 145, 964-978. [CrossRef] [PubMed]

Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Miinch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481-487. [CrossRef]
[PubMed]

Zou, W,; Kou, L.; Wang, Y,; Jin, Z.; Xiong, N.; Wang, T.; Xia, Y. Complement C4 Exacerbates Astrocyte-Mediated Neuroinflamma-
tion and Promotes «-Synuclein Pathology in Parkinson’s Disease. npj Park. Dis. 2025, 11, 141. [CrossRef] [PubMed]

Lerche, S.; Schulte, C.; Wurster, I.; Machetanz, G.; Roeben, B.; Zimmermann, M.; Deuschle, C.; Hauser, A.K.; Bohringer, J.;
Krégeloh-Mann, I.; et al. The Mutation Matters: CSF Profiles of GCase, Sphingolipids, x-Synuclein in PDGBA. Mov. Disord. 2021,
36, 1216-1228. [CrossRef] [PubMed]

Parnetti, L.; Chiasserini, D.; Persichetti, E.; Eusebi, P.; Varghese, S.; Qureshi, M.M.; Dardis, A.; Deganuto, M.; De Carlo, C,;
Castrioto, A.; et al. Cerebrospinal Fluid Lysosomal Enzymes and «-Synuclein in Parkinson’s Disease. Mov. Disord. 2014, 29,
1019-1027. [CrossRef] [PubMed]

Alcalay, R.N.; Levy, O.A.; Waters, C.H.; Fahn, S.; Ford, B.; Kuo, S.H.; Mazzoni, P.; Pauciulo, M.W.; Nichols, W.C.; Gan-Or, Z; et al.
Glucocerebrosidase Activity in Parkinson’s Disease with and without GBA Mutations. Brain 2015, 138, 2648-2658. [CrossRef]
[PubMed]

Siderowf, A.; Concha-Marambio, L.; Lafontant, D.E.; Farris, C.M.; Ma, Y.; Urenia, PA.; Nguyen, H.; Alcalay, R.N.; Chahine, L.M,;
Foroud, T.; et al. Assessment of Heterogeneity among Participants in the Parkinson’s Progression Markers Initiative Cohort Using
a-Synuclein Seed Amplification: A Cross-Sectional Study. Lancet Neurol. 2023, 22, 407-417. [CrossRef] [PubMed]

Kang, U].; Boehme, A K,; Fairfoul, G.; Shahnawaz, M.; Ma, T.C.; Hutten, S.J.; Green, A.; Soto, C. Comparative Study of
Cerebrospinal Fluid a-Synuclein Seeding Aggregation Assay in Parkinson’s Disease. Mov. Disord. 2019, 34, 536-544. [CrossRef]
[PubMed]

Coughlin, D.G.; Shifflett, B.; Farris, C.M.; Ma, Y.; Galasko, D.; Edland, S.D.; Mollenhauer, B.; Brumm, M.C.; Poston, K.L.; Marek,
K.; et al. a-Synuclein Seed Amplification Assay Amplification Parameters and the Risk of Progression in Prodromal Parkinson
Disease. Neurology 2025, 104, €210279. [CrossRef] [PubMed]

Orra, C.D.; Vaughan, D.P; Vijiaratnam, N.; Real, R.; Martinez-Carrasco, A.; Fumi, R.; Jensen, M.T.; Hodgson, M.; Girges,
C.; Gil-Martinez, A.L.; et al. Diagnostic and Prognostic Value of x-Synuclein Seed Amplification Assay Kinetic Measures in
Parkinson’s Disease: A Longitudinal Cohort Study. Lancet Neurol. 2025, 24, 580-590. [CrossRef] [PubMed]

Mastrangelo, A.; Wurster, I.; Ticca, A.; Lerche, S.; Zenesini, C.; Roben, B.; Mammana, A.; Hauser, A.K,; Ruggeri, E.; Deuschle, C.;
et al. Clinical Correlates of a Negative Cerebrospinal Fluid a-Synuclein Seed Amplification Assay Result in Parkinson’s Disease.
npj Park. Dis. 2026, 12, 97. [CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.1186/s13024-026-00931-7
https://www.ncbi.nlm.nih.gov/pubmed/41612462
https://doi.org/10.3389/fnagi.2026.1771789
https://www.ncbi.nlm.nih.gov/pubmed/41972104
https://doi.org/10.1038/s41531-018-0044-6
https://www.ncbi.nlm.nih.gov/pubmed/29872690
https://doi.org/10.1007/s00401-010-0711-0
https://www.ncbi.nlm.nih.gov/pubmed/20563819
https://doi.org/10.1126/sciadv.abc2487
https://www.ncbi.nlm.nih.gov/pubmed/33177086
https://doi.org/10.1126/sciadv.adi8287
https://www.ncbi.nlm.nih.gov/pubmed/38198537
https://doi.org/10.1186/s13024-023-00699-0
https://www.ncbi.nlm.nih.gov/pubmed/38245794
https://doi.org/10.1038/ncomms2534
https://www.ncbi.nlm.nih.gov/pubmed/23463005
https://doi.org/10.3390/jcm13237243
https://www.ncbi.nlm.nih.gov/pubmed/39685702
https://doi.org/10.1093/brain/awab446
https://www.ncbi.nlm.nih.gov/pubmed/34919646
https://doi.org/10.1038/nature21029
https://www.ncbi.nlm.nih.gov/pubmed/28099414
https://doi.org/10.1038/s41531-025-01005-z
https://www.ncbi.nlm.nih.gov/pubmed/40436856
https://doi.org/10.1002/mds.28472
https://www.ncbi.nlm.nih.gov/pubmed/33547828
https://doi.org/10.1002/mds.25772
https://www.ncbi.nlm.nih.gov/pubmed/24436092
https://doi.org/10.1093/brain/awv179
https://www.ncbi.nlm.nih.gov/pubmed/26117366
https://doi.org/10.1016/S1474-4422(23)00109-6
https://www.ncbi.nlm.nih.gov/pubmed/37059509
https://doi.org/10.1002/mds.27646
https://www.ncbi.nlm.nih.gov/pubmed/30840785
https://doi.org/10.1212/WNL.0000000000210279
https://www.ncbi.nlm.nih.gov/pubmed/39913882
https://doi.org/10.1016/S1474-4422(25)00157-7
https://www.ncbi.nlm.nih.gov/pubmed/40541208
https://doi.org/10.1038/s41531-026-01346-3
https://www.ncbi.nlm.nih.gov/pubmed/41980956
https://doi.org/10.3390/medsci14040489

Med. Sci. 2026, 14, 489 47 of 47

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Parkinson Study Group Biomarkers Working Group. CSF «-Synuclein Seed Amplification Assays and Skin Immunofluorescence:
Clinical Applications, Research Opportunities, and Knowledge Gaps. Neurology 2026, 106, e214648. [CrossRef] [PubMed]
Nasreddine, Z.S.; Phillips, N.A.; Bédirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.L.; Chertkow, H. The
Montreal Cognitive Assessment, MoCA: A Brief Screening Tool for Mild Cognitive Impairment. J. Am. Geriatr. Soc. 2005, 53,
695-699. [CrossRef] [PubMed]

Doty, R.L. The Smell Identification Test Administration Manual, 3rd ed.; Sensonics: Haddon Heights, NJ, USA, 1995.

Pagano, G.; Taylor, K.I.; Anzures-Cabrera, J.; Marchesi, M.; Simuni, T.; Marek, K.; Postuma, R.B.; Pavese, N.; Stocchi, F.; Azulay,
J.P; et al. Trial of Prasinezumab in Early-Stage Parkinson’s Disease. N. Engl. ]. Med. 2022, 387, 421-432. [CrossRef] [PubMed]
Pagano, G.; Taylor, K.I.; Anzures Cabrera, J.; Simuni, T.; Marek, K.; Postuma, R.B.; Pavese, N.; Stocchi, F; Brockmann, K.; Svoboda,
H.; et al. Prasinezumab Slows Motor Progression in Rapidly Progressing Early-Stage Parkinson’s Disease. Nat. Med. 2024, 30,
1096-1103. [CrossRef] [PubMed]

Pagano, G.; Monnet, A.; Reyes, A.; Ribba, B.; Svoboda, H.; Kustermann, T.; Simuni, T.; Postuma, R.B.; Pavese, N.; Stocchi, F; et al.
Sustained Effect of Prasinezumab on Parkinson’s Disease Motor Progression in the Open-Label Extension of the PASADENA
Trial. Nat. Med. 2024, 30, 3669-3675. [CrossRef] [PubMed]

Meissner, W.G.; Remy, P.; Giordana, C.; Maltéte, D.; Derkinderen, P.; Houéto, J.L.; Anheim, M.; Benatru, L; Boraud, T.; Brefel-
Courbon, C.; et al. Trial of Lixisenatide in Early Parkinson’s Disease. N. Engl. ]. Med. 2024, 390, 1176-1185. [CrossRef]
[PubMed]

Mullin, S.; Smith, L.; Lee, K.; D’Souza, G.; Woodgate, P.; Elflein, J.; Hallqvist, J.; Toffoli, M.; Streeter, A.; Hosking, J.; et al. Ambroxol
for the Treatment of Patients with Parkinson Disease with and without Glucocerebrosidase Gene Mutations: A Nonrandomized,
Noncontrolled Trial. JAMA Neurol. 2020, 77, 427-434. [CrossRef] [PubMed]

Silveira, C.R.A.; Coleman, K.K.L.; Borron, K,; Tirona, R.G.; Rupar, C.A.; Zou, G.; Hegele, R.A.; Wellington, C.; Stukas, S.; Finger,
E.C.; et al. Ambroxol as a Treatment for Parkinson Disease Dementia: A Randomized Clinical Trial. JAMA Neurol. 2025, 82,
797-807. [CrossRef] [PubMed]

Writing Group for the NINDS Exploratory Trials in Parkinson Disease (NET-PD) Investigators. Effect of Creatine Monohydrate
on Clinical Progression in Patients with Parkinson Disease: A Randomized Clinical Trial. JAMA 2015, 313, 584-593. [CrossRef]
[PubMed]

Parkinson Study Group QE3 Investigators. A Randomized Clinical Trial of High-Dosage Coenzyme Q10 in Early Parkinson
Disease: No Evidence of Benefit. JAMA Neurol. 2014, 71, 543-552. [CrossRef] [PubMed]

Lang, A.E.; Siderowf, A.D.; Macklin, E.A.; Poewe, W.; Brooks, D.J.; Fernandez, H.H.; Rascol, O.; Giladi, N.; Stocchi, F.; Tanner,
C.M.; et al. Trial of Cinpanemab in Early Parkinson’s Disease. N. Engl. ]. Med. 2022, 387, 408-420. [CrossRef] [PubMed]

Marek, K,; Jennings, D.; Lasch, S.; Siderowf, A.; Tanner, C.; Simuni, T.; Coffey, C.; Kieburtz, K.; Flagg, E.; Chowdhury, S.; et al. The
Parkinson Progression Marker Initiative (PPMI). Prog. Neurobiol. 2011, 95, 629—-635. [CrossRef] [PubMed]

Dickson, D.W.; Liu, W.K,; Hardy, ].; Farrer, M.; Mehta, N.; Uitti, R.; Mark, M.; Zimmerman, T.; Golbe, L.; Sage, J.; et al. Widespread
Alterations of x-Synuclein in Multiple System Atrophy. Am. J. Pathol. 1999, 155, 1241-1251. [CrossRef] [PubMed]

Attems, J.; Toledo, J.B.; Walker, L.; Gelpi, E.; Gentleman, S.; Halliday, G.; Hortobagyi, T.; Jellinger, K.; Kovacs, G.G.; Lee, E.B.; et al.
Neuropathological Consensus Criteria for the Evaluation of Lewy Pathology in Post-Mortem Brains. Acta Neuropathol. 2021, 141,
159-172. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /medsci14040489


https://doi.org/10.1212/WNL.0000000000214648
https://www.ncbi.nlm.nih.gov/pubmed/41529231
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://www.ncbi.nlm.nih.gov/pubmed/15817019
https://doi.org/10.1056/NEJMoa2202867
https://www.ncbi.nlm.nih.gov/pubmed/35921451
https://doi.org/10.1038/s41591-024-02886-y
https://www.ncbi.nlm.nih.gov/pubmed/38622249
https://doi.org/10.1038/s41591-024-03270-6
https://www.ncbi.nlm.nih.gov/pubmed/39379705
https://doi.org/10.1056/NEJMoa2312323
https://www.ncbi.nlm.nih.gov/pubmed/38598572
https://doi.org/10.1001/jamaneurol.2019.4611
https://www.ncbi.nlm.nih.gov/pubmed/31930374
https://doi.org/10.1001/jamaneurol.2025.1687
https://www.ncbi.nlm.nih.gov/pubmed/40587145
https://doi.org/10.1001/jama.2015.120
https://www.ncbi.nlm.nih.gov/pubmed/25668262
https://doi.org/10.1001/jamaneurol.2014.131
https://www.ncbi.nlm.nih.gov/pubmed/24664227
https://doi.org/10.1056/NEJMoa2203395
https://www.ncbi.nlm.nih.gov/pubmed/35921450
https://doi.org/10.1016/j.pneurobio.2011.09.005
https://www.ncbi.nlm.nih.gov/pubmed/21930184
https://doi.org/10.1016/S0002-9440(10)65226-1
https://www.ncbi.nlm.nih.gov/pubmed/10514406
https://doi.org/10.1007/s00401-020-02255-2
https://www.ncbi.nlm.nih.gov/pubmed/33399945
https://doi.org/10.3390/medsci14040489

	Introduction 
	Parkinson’s Disease: From Pathological Spread to Clinical Heterogeneity 
	Limits of Alpha-Synuclein Propagation Models 
	Selective Neuronal Vulnerability as a Biological Explanation for Disease Variability 
	From Mechanisms of Vulnerability to Biological Stratification 
	Aim of the Review and Proposed Conceptual Framework 

	Materials and Methods 
	Study Design and Conceptual Framework 
	Literature Sources and Search Strategy 
	Eligibility Criteria 
	Study Selection Process 
	Data Extraction and Evidence Synthesis 
	Identification of Major Domains of Selective Neuronal Vulnerability 
	Development of the Parkinson’s Vulnerability Index (PVI) 
	Quality Assessment and Methodological Considerations 
	Methodological Limitations 

	Results: Five Biological Mechanisms of Selective Neuronal Vulnerability 
	Calcium Overload 
	Energy Failure in Long, Uninsulated Nerve Fibres 
	Lysosomal Failure and the GBA1 Connection 
	Connection Architecture and the Vulnerability of Synaptic Tips 
	Neuroinflammation: The Brain’s Immune Response 

	The GBA1 Pathway: From Biology to the Clinic 
	GBA1-PD as a Clinically and Mechanistically Informative Subgroup Within the PD Spectrum 
	Measuring GCase in Clinical Practice 
	The Alpha-Synuclein Seeding Test (SAA) 

	The Parkinson’s Vulnerability Index (PVI): A Research Stratification Proposal 
	Relationship to Existing Biological Staging Frameworks 
	PVI Scoring 

	Discussion 
	Why Neuroprotective Trials Have Failed, and How to Fix Them 
	What Still Needs to Be Done 
	Vulnerability Biology, Propagation, and Clinical Trajectory 
	Limitations 
	Ethical Considerations and Equity 

	Conclusions 
	References

