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Abstract. Family studies have linked several rare genetic variants to hereditary forms of Parkinson’s disease (PD). In addition
to these monogenic forms, many PD cases are associated with genetic risk factors. Asymptomatic individuals carrying
pathogenic variants linked to PD are at risk of developing the disease later in life, thereby providing a unique opportunity for
the detection of the earliest pathophysiological and later clinical changes and, importantly, also of protective and compen-
satory features and mechanisms. However, the rarity of monogenic PD-causing variants is a major challenge of this approach.
In this review, we discuss recent advances in the search for biomarkers in the prodromal/earliest phase of genetically linked PD.

Plain Language Summary
While the cause of most cases of Parkinson’s disease (PD) is still unknown, and age is considered the greatest risk factor, a
combination of environmental influences and genetics are thought to affect disease risk and progression. The identification
of carriers of pathogenic genetic changes, who have not yet developed motor symptoms of PD, offers the chance to closely
monitor developing signs of PD. Some of these signs may be suitable biomarkers and could be used to predict early stages
of the disease. In this review, we discuss recent advances in the search for biomarkers in the prodromal/earliest phase of
genetically linked PD.
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INTRODUCTION

Genetic variants of the germline are inherited
or arise de novo and are present from conception.
There are several hereditary forms of Parkinson’s
disease (PD).1,2 When including GBA1 variants
as the strongest known risk factor for PD with
age-dependent “penetrance” of pathogenic variants,
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genetic forms of PD explain the etiology in about
∼14% of all PD patients.3

The pathology of PD—this largely applies to both
“idiopathic” and genetic PD—is characterized in
most cases by the presence of aggregated �-synuclein
in the form of Lewy bodies and Lewy neurites in
the brain. Current evidence suggests that the deposi-
tion and spread of pathological forms of misfolded
�-synuclein drive the development and progression
of the disease.4 By the time a clinical diagnosis is
confirmed, it is estimated that 40–60% of dopamin-
ergic neurons have degenerated and synaptic function
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has reduced by up to 80%.5 Therefore, neuroprotec-
tive interventions are required early on i.e. during
the prodromal phase of PD. In this period, a clinical
diagnosis based on fully evolved motor parkinson-
ism is not yet possible.6–8 This latent phase can vary
from 5 to more than 20 years and is characterized
by a variety of non-motor symptoms, in isolation or
combined, including autonomic dysfunction, rapid
eye movement sleep behavior disorder, olfaction, and
depression.9–12 As indicated above, the prodromal
phase is an important stage of the course of PD
for investigating the pathophysiological cascade and,
when neuroprotective treatment becomes available,
to possibly slow or prevent the onset of motor symp-
toms in PD.6 In order to identify individuals during
this phase and thus provide an early diagnosis of PD,
biomarkers are urgently needed. However, the iden-
tification of suitable biomarkers is challenging as the
type of symptoms, prevalence, time of occurrence,
and rate of progression of prodromal symptoms vary
considerably between patients.13

While the cause of most cases of PD is still
unknown, and age is considered the greatest risk fac-
tor, a combination of environmental influences and
genetics are thought to affect disease risk and pro-
gression. The identification of carriers of pathogenic
variants or polygenic risk scores, who have not yet
developed motor symptoms of PD, offers the chance
to closely monitor developing signs of PD that may
be suitable as biomarkers. In this review, we discuss
recent advances in the search for biomarkers in the
prodromal/earliest phase of genetically linked PD.

GENETICS OF PARKINSON’S DISEASE

Family studies of PD reported rare variants in
more than 20 genes.2 However, the relevance of
some of these genes and variants is unclear, and
replication or functional validation studies are miss-
ing. Over the past three decades, seven genes
have unequivocally been linked to monogenic PD,
including four autosomal dominantly inherited ones
(�-synuclein (SNCA), leucine-rich repeat kinase
2 (LRRK2), vacuolar protein sorting-associated
protein 35 (VPS35), and Coiled-Coil-Helix-Coiled-
Coil-Helix Domain Containing 2 (CHCHD2)) and
three recessively transmitted ones (E3 ubiquitin lig-
ase Parkin (PRKN), PTEN-induced putative kinase 1
(PINK1), and PARK7 (DJ-1)).14 The G2019S muta-
tion in the LRRK2 gene is the most common form of
monogenic PD and accounts for up to 1–6% of spo-

radic and 3–19% of familial PD.6 It is inherited with
reduced penetrance that ranges between 30 and 80%
at age 80. Recently, a large family study has revealed a
new pathogenic variant in RAB32 that causes autoso-
mal dominant PD suggesting that there are additional
monogenic forms to be detected.15 Molecular stud-
ies of these genes provide unique opportunities to
investigate the mechanisms of neuronal degenera-
tion in models of PD. Collectively, these studies
demonstrated the importance of failure of proteosta-
sis, defects in vesicular transport and endolysosomal
function, and failure of mitochondrial quality con-
trol/oxidative stress responses in PD.16

In addition to the monogenic forms, many PD cases
are associated with genetic risk factors. Seventy-eight
independent genome-wide significant loci were iden-
tified in a large-scale multi-ancestry meta-analysis
of PD including 49,049 cases, 18,785 proxy cases,
and 2,458,063 controls.17 Variants at the SNCA locus
and in the beta-glucocerebrosidase 1 (GBA1) gene
have been discovered as the most important genetic
risk factors for idiopathic PD. Notably, more than
100 variants in GBA1 have been associated with an
increased risk of developing the disease.13 However,
there is substantial variability in the pathogenicity
of different variants. For example, GBA1 variants
classified as severe (e.g., L483P) show an odds
ratio of 10–15, while mild variants (e.g., N409S)
have an odds ratio of less than five.13 This illus-
trates the heterogeneous character of PD even within
the group of patients harboring GBA1 risk variants.
Therefore, GBA1-subgroup classification based on
variant severity is important for subsequent stud-
ies. Notably, variability in variant distribution is also
reported among different ethnicities. For example,
a novel GBA1 variant, associated with an increased
risk of developing PD, has recently been identified in
the African population.18 This highlights the impor-
tance of understanding ancestry-specific genetic risk
in PD, which is still understudied in non-European
populations.19 Studying genetic risk in underrep-
resented populations may not only be relevant to
enhancing our knowledge of underlying pathologi-
cal mechanisms in PD but is also important when it
comes to targeted treatments in clinical trials.18

COMBINING BIOMARKERS AND GENETICS
IN PRODROMAL PARKINSON’S DISEASE

PD is a complex disorder comprised of vari-
ous clinical phenotypes, pathological findings, and
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genetic predispositions.20 Recent cohort studies have
confirmed the high phenotypic variability and the
numerous genetic variants associated with PD risk
contribute to the heterogeneity of multiple motor and
nonmotor aspects.21,22 For example, the timescale
over which PD with dementia may develop ranges
from months to decades and neurodegeneration
is not limited to the nigrostriatal dopaminergic
denervation.23,24 This heterogeneity in PD makes it
challenging to find reliable biomarkers and inten-
sive research efforts have been performed to detect
biomarkers in cerebrospinal fluid (CSF), blood, and
through imaging modalities. Within the realm of
biofluidic biomarkers, �-synuclein, glial fibrillary
acidic protein (GFAP), amyloid-beta, tau, p-tau, as
well as inflammatory markers, mitochondrial DNA
(mtDNA), and microRNAs have been discussed.25,26

Of these, �-synuclein seed amplification assays
(SAAs) have shown promise for the biochemi-
cal diagnosis of PD.27–29 GFAP could be of use
mainly in tracking PD progression, the Alzheimer’s
disease biomarkers amyloid-beta and (p)-tau are
relevant to evaluating cognitive decline and motor
function in PD.30,31 Significantly increased levels
of inflammatory markers (blood: IL-6, TNF-�, IL-
1β, STNFR1, CRP, CCL2, CX3CL1, and CXCL12;
CSF: IL-6, TNF-�, IL-1β, CRP and CCL2) were
recently verified in a meta-analysis of PD patients
and control groups confirming that neuroinflamma-
tion plays a role in PD.32 The use of microRNAs
and mtDNA as biomarkers for PD is new and
promising but still in a developing phase.26,33 Imag-
ing modalities to test for PD include magnetic
resonance imaging (MRI), dopamine transporter
(DAT) single-photon emission computed tomog-
raphy (SPECT), fluoro-3,4-dihydroxyphenylalanine
(FDOPA) positron emission tomography (PET), and
[18F]fluorodeoxyglucose (FDG) PET.25,34

Based on the numerous studies of neuropatholog-
ical findings, genetic contributions, and biomarker
research, a novel biologically based classification
of PD has been proposed. This classification takes
the complexity and heterogeneity of the disease into
account and defines disease status by the presence
or absence of pathological �-synuclein in tissue or
CSF, by the evidence of underlying neurodegener-
ation described by neuroimaging procedures, and
by the occurrence of gene variants that cause or
strongly predispose to PD.14 This biological classi-
fication of PD could improve objective preclinical
and clinical diagnosis, disease staging, and enable
the accurate subdivision of PD according to dis-

ease mechanisms. Moreover, it could also advance
research in multiple fields, such as epidemiology,
biomarker discovery, and patient-specific develop-
ment of disease-modifying therapies. To assess
biomarkers of prodromal PD in a longitudinal and
multimodal fashion, a homogeneous group of non-
manifesting carriers of gene variants, which cause
or strongly predispose to PD, need to be recruited.
However, the rarity of monogenic PD-causing vari-
ants is a major challenge of this approach. Therefore,
only a few studies combining biomarker analysis and
genetic PD have been performed so far. These studies
focused mainly on LRRK2-PD (G2019S), PRKN-PD,
and GBA1-PD variant carriers.28,29,35,36

�-SYNUCLEIN SEED AMPLIFICATION
ASSAYS

�-synuclein-SAAs are based on the self-replicative
nature of misfolded �-synuclein aggregates (seeds).
In these assays, �-synuclein seeds in biological fluids
are amplified by a cyclical process and detected by
fluorescent dyes specific for amyloids.37

�-synuclein-SAAs have been performed using
CSF and blood samples from patients with genetic
PD (Table 1). Analysis of CSF samples revealed that
GBA1-PD variant carriers show an overall high per-
centage of positive seeding (more than 90%).29,36,38

Patient cohorts of LRRK2-PD mutation carriers are
reported with 40%, 67%, and 78% of positive SAA
results suggesting a heterogeneous phenotype among
LRRK2 mutation carriers.29,36,39 However, the per-
formed SAAs may not be sensitive enough to detect
low amounts of pathological �-synuclein aggregates.
Interestingly, within the group of non-manifesting
GBA1 (N409S) and LRRK2 (G2019S) mutation
carriers, 8% had positive �-synuclein SAA results,
of whom 9% were LRRK2 and 7% were GBA1
carriers.29 This result correlates with the lifetime
penetrance of PD among GBA1 N409S carriers
but does not reflect estimates of PD penetrance
among LRRK2 G2019S carriers. It remains to be
seen whether the non-manifesting mutation carri-
ers with a positive SAA result will develop PD
in the future. Patients with bi-allelic mutations in
recessively inherited genes (PRKN, PINK1) did not
show CSF �-synuclein seeding, whereas heterozy-
gous mutation carriers showed �-synuclein seeding
in 59% of the individuals.36

Analysis of blood samples from patients with
genetic PD has only been performed for biallelic
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Table 1
�-synuclein seed amplification assays in patients with genetic Parkinson’s disease

Tissue Genetic/disease status Positive seeding+/n (%) Reference

CSF LRRK2-PD (G2019S) 6/15 (40) 39

LRRK2 NMC (G2019S) 3/16 (19)
Controls 2/10 (20)
GBA1-PD 7/7 (100) 38

LRRK2-PD 0/1 (0)
Controls 1/62 (2)
GBA1-PD (risk variants) 48/53 (91) 36

GBA1-PD (mild variants) 11/17 (65)
GBA1-PD (severe variants) 27/29 (93)
LRRK2-PD 7/9 (78)
PRKN-PD (n = 15), PINK1-PD
(n = 1), DJ-1-PD (n = 1)
(heterozygous)

10/17 (59)

PRKN-PD (n = 1), PINK1-PD (n = 2)
(bi-allelic)

0/3 (0)

GBA1, LRRK2 NMC 2/14 (14)
Controls 2/26 (8)
SNCA-PD (triplication) 1/1 (100) 40

Controls 2/26 (8)
GBA1-PD (N409S; mild variant) 47/49 (96) 29

LRRK2-PD (G2019S) 83/123 (67)
GBA1 NMC 11/151 (7)
LRRK2 NMC 14/159 (9)
Controls 6/163 (4)

Blood PRKN-PD (bi-allelic) 0/17 (0) 28

Controls 11/128 (9)
PRKN-PD (bi-allelic) 8/13 (62) 41

Controls 0/10 (0)

NMC, non-manifesting carrier.

PRKN-PD in two independent studies so far. The
first study showed no positive seeding in 17 tested
patients,28 whereas the second study found an �-
synuclein seeding rate of 62% in 13 patients.41 Even
though biallelic PRKN mutation carriers have only
been tested in a small subset of patients, the different
SAA methodologies used in these studies might have
led to the discrepant results.

In summary, while data suggest that �-synuclein-
SAAs represent very promising biomarkers for PD
diagnosis, it remains unclear whether this method will
be suitable for detecting prodromal stages of genet-
ically linked PD. Notably, in patients with rapid eye
movement sleep behavior disorder, �-synuclein pos-
itivity detected by SAA in CSF was associated with
an increased risk of subsequent diagnosis of PD or
dementia with Lewy bodies.42

NEUROIMAGING MARKERS

DAT-SPECT has been established as a method to
detect the presence of nigrostriatal deficit not only in
clinical PD but also in the early or pre-symptomatic
stages of the disease and to monitor DAT loss with the

progression of neurodegeneration.43 Therefore, DAT-
SPECT has also been preferentially used to study
genetic PD. Overall, GBA1 and LRRK2 mutations
present a relatively asymmetric striatal dopaminergic
neuronal loss, similar to idiopathic PD. Most cases
with PRKN, PINK1, and SNCA mutations show a
symmetrical loss.35

Decreased DAT binding was shown in 43.7%
of 49 asymptomatic G2019S carriers.44 In con-
trast, in a large cross-sectional study investigating
non-manifesting LRRK2 and GBA1 mutation carri-
ers (208 and 184 individuals, respectively), only a
minority had a DAT deficit (11% of LRRK2 and
3% of GBA1 non-manifesting carriers).45 Compared
with healthy controls, both LRRK2 and GBA1 non-
manifesting carriers had significantly increased mean
scores on the Movement Disorders Society Uni-
fied Parkinson’s Disease Rating Scale.45 These data
suggest that subtle motor and non-motor signs of
PD in non-manifesting carriers can precede a DAT
deficit. Notably, dopamine turnover analyzed via
FDOPA-PET was elevated in asymptomatic LRRK2
mutation carriers compared to age-matched control
values.46
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In an attempt to assess whether a combination of
systematic clinical testing and different imaging tech-
niques in familial PD patients could detect subclinical
signs in the preclinical and prodromal stages of PD,
a retrospective evaluation was reported of a cohort
of 39 participants, which included LRRK2 mutation
carriers at different disease stages (preclinical, pro-
dromal, clinical), who underwent DAT-SPECT.6 In
the preclinical group, 28% of the participants had nor-
mal and 72% had abnormal DAT-SPECT scans. In the
prodromal group, all the participants showed abnor-
mal DAT-SPECT scans, albeit with different patterns
of severity. In the clinical group of LRRK2 muta-
tion carriers, all participants had severely abnormal
DAT-SPECT scans.

CONCLUSIONS AND PERSPECTIVES

�-synuclein SAAs show clear potential to detect
idiopathic PD and to distinguish patients from healthy
controls. However, genetic PD has currently been
studied only in a very limited number of patients and

genetic conditions. DAT-SPECT has been established
as a reliable biomarker in idiopathic and genetic PD,
but the findings for prodromal PD of genetic sub-
groups are not yet conclusive. We are still at the
beginning of our ability to understand and diagnose
the early stages of the disease, mainly due to the lack
of data that reflect these stages at the molecular level.

However, there are promising findings, especially
in carriers of the GBA1 N409S variant, who show
evidence of abnormal CSF �-synuclein aggrega-
tion prior to other detectable clinical or biomarker
changes, including alterations in DAT imaging.29

Nevertheless, further studies on more easily accessi-
ble biomarkers, such as a blood-based diagnosis are
needed. Notably, increased blood-derived mtDNA
damage was found not only in LRRK2-linked PD
patients but also in asymptomatic LRRK2 mutation
carriers suggesting that mtDNA damage may precede
a clinical PD diagnosis and is detectable in prodro-
mal stages.26 It remains to be investigated whether
the non-manifesting LRRK2 mutation carriers with
elevated mtDNA damage will develop clinical PD.

Fig. 1. Scheme on the search for new biomarkers. (i) Stratification of risk groups of asymptomatic mutation carriers, (ii) longitudinal
collection of biomaterials, (iii) verification of biomarker search by using the established �-synuclein seed amplification assays, and (iv)
search for new biomarkers using a multi-omics approach. Created with BioRender.com.
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For future studies, it will be important to iden-
tify genetically defined subgroups to establish at-risk
cohorts (Fig. 1). Patients should be stratified accord-
ing to genetic variant severity and those carrying
severe mutations to be preferentially included. Lon-
gitudinal research is needed to examine the predictive
value of �-synuclein SAA, mtDNA damage, and
DAT-SPECT over time. In this context, repeated col-
lections of biomaterials, starting at the prodromal
disease stage, are required, and samples will have
to be analyzed in a multimodal fashion, including
multi-omics as well as patient-derived experimental
disease models to detect new biomarkers specific for
PD. In a recent approach, mass spectrometry-based
proteomic phenotyping was used to identify a panel
of blood biomarkers in early PD.47 Furthermore, a
combination of systems biology and data integra-
tion methods was employed to identify differences in
transcriptomic and metabolic signatures between PD
patient and healthy individual-derived midbrain neu-
ral precursor cells.48 These and other approaches will
provide new single biomarkers or biomarker panels
that form a distinct signature of PD. Moreover, per-
forming timely studies during the progression from
health to disease might inform us about biomarkers
that reflect the underlying pathological processes and
present possible read-outs for target engagement.
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