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different degrees of specificity and sensitivit

&

e gost important among them are REM sleep behavior disorder (RBD)

Abstract. During its pre-motor stage, Parkinsoa’ asg (PD) presents itself with a multitude of non-motor symptoms with

and olfactory dysfunction. RBD is a para, iaNgfaracterized by the loss of REM sleep muscle atonia and dream-enacting
behaviors. Olfactory dysfunction in indii s with prodromal PD is usually described as hyposmia (reduced sense of smell)

or anosmia (complete loss of olfac

interventions to improve patie

on). These symptoms can precede the full expression of motor symptoms by

lity of life. Therefore, these symptoms have unmatched potential for identifying PD

decades. A close comprehensi e symptoms and the underlying mechanisms may enable early screening as well as

patients in prodromal staggf, not, 0¥ allowing early diagnosis but potentially opening a window for early, possibly disease-
modifying intervention. HOyevgr, they come with certain challenges. This review addresses some of the key opportunities
and pitfalls of both RBD and olfactory dysfunction as early markers of PD.
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INTRODUCTION

Parkinson’s disease (PD) is characterized by
the degeneration of dopaminergic neurons (neurons
involved in the control of voluntary movements)
in the substantia nigra pars compacta (SNpc) and
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the loss of their axonal endings in the striatum
[1]. The main pathological hallmark of the earli-
est phases of PD is the intracellular fibrilization of
alpha-synuclein, along with Lewy body brainstem
pathology [2, 3]. This process is associated with the
progressive onset of motor symptoms. Accordingly,
PD is currently diagnosed based on the presence of
the pathognomonic motor parkinsonian signs, such as
bradykinesia, rest tremor, and rigidity [1]. However,
these motor symptoms become evident only rela-
tively late in the disease development, when already
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50-70% of dopaminergic neurons een lost [2].
For the development of disease- ilg therapeu-
tic interventions, it is therefop€ O ost importance
to detect PD well before, opment of motor
symptoms, in the so-calfed pge-motor stage.

As amatter of fact, a mifude of non-motor symp-
toms can be present in the pre-motor stage, such as
sleep disorders, autonomic and olfactory dysfunction.
Among these, the presence of olfactory loss is a sup-
portive criterion for the clinical diagnosis of PD [1].
Typically, these symptoms antedate motor symptoms
by years if not decades, and they become increasingly
present over the course of the disease, negatively
affecting patient’s quality of life. Sleep disturbances,
in particular rapid eye movement (REM) sleep behav-
ior disorder (RBD), and olfactory dysfunction (OD)
such as hyposmia (reduced sense of smell) or anosmia
(complete loss of olfactory function), are therefore
potential prodromal markers of PD, with the former
being present in almost half of the patients with a
diagnosis of PD, and the latter in almost all of them
[4, 5] (Fig. 1).

spond to the locus subcoeruleus and the magnocellular reticular formation

The main advantage in using an early PD marker
such as RBD or OD is the opportunity of detecting
patients suffering from alpha-synucleinopathy years
before the emergence of overt motor and cognitive
symptoms. This may allow a timely intervention to
be applied in the earlier stages of the neurodegener-
ative process. Two approaches are interesting in this
context. First, disease-modifying therapies may be
developed. Second, several risk factors for PD, e.g.,
lifestyle and food habits, are potentially modifiable
[6]. Therefore, the identification of individuals with
an increased risk of developing a neurodegenerative
disease could lead to a preventive adaptation of these
risk factors [7].

While these markers hold promise for early diag-
nosis and intervention, they also come with certain
opportunities and pitfalls. This review aims to unravel
some of the main issues that makes RBD and OD
such important prodromal features to be studied in
PD from the very prodromal stages. A summary of
the main opportunities and pitfalls of RBD and OD
as early markers of PD is shown in Table 1.
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Table 1

Summary of the main opportunities and pitfalls of using REM sleep behaviour disorder and olfactory dysfunction (OD) as early biomarker

of Parkinson’s Disease

Opportunities

Pitfalls

REM sleep
behavior disorder

Strong risk factor for developing the overt, motor
phase of PD

RBD can be combined with other risk factors for
better stratification of patients

Clinical and instrumental diagnosis of RBD requires
a cost-effective, non-invasive, and widely available
tool, polysomnography.

Trial-ready cohorts of iRBD patients

High heterogeneity in time of
phenoconversion and symptoms
manifestation

Not every patient with PD might have had
exhibited RBD prior to diagnosis

Not every patient with RBD would develop
PD (47-64%)

Olfactory
dysfunction

Can be measured with inexpensive, rapid and
sensitive olfactory tests.

Olfactory tests can be combined with other risk
factors.

Olfactory dysfunction is very sensitive to PD and
prodromal forms.

OD is not specific to PD.

It is not yet possible to differentiate a
PD-related OD from other forms of OD
based on glfactory testing alone.

N

REM sleep behavior disorder

an overni
RBD is a parasomnia characterized by the loss of with
the physiological muscle atonia during REM sleep, voc

leading to the enactment of dreams [8]. Itis referred to
as “idiopathic” or “isolated”” (iIRBD) when not associ-
ated to overt neurologic symptoms such as dementia
or parkinsonism. According to the 3rd edition of t
International classification of sleep disorders (I =
3), a clinical diagnosis of RBD is carried ut i
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Fig. 2. Polysomnographic epoch of an iRBD patients. Green lines (EOG-L and EOG-R) shows Rapid Eye Movements both for left and
right eyes, while EMG records chin muscle activity. This recording shows the presence of REM Sleep Without Atonia (RWA) during REM
sleep. EOG, electro-oculogram; EMG, electro-myogram; EKG, electro-cardiogram; Flow, oro-nasal air flow; Thor, thoracic effort; Abd,
abdominal effort; FDS, flexor digitorum superficialis; AT, anterior tibialis; L, left; R, right.
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Today iRBD is considered a prodromal stage of
alpha-synucleinopathies, namely Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), and multi-
ple system atrophy (MSA) [13—15]. In fact, within 12
years from diagnosis, the majority of iRBD patients
will phenoconvert to an overt alpha-synucleinopathy,
with a phenoconversion rate of almost 7% per year
[13-15]. Among these, roughly 57% of patients will
develop “parkinsonism first” syndrome (of whom
almost 5% being MSA), while up to 43% will develop
a “dementia first” syndrome [13]. Additionally, most
of iRBD patients already exhibit pathological alpha-
synuclein accumulation in the cerebrospinal fluid
and/or tissues, including skin [16-20]. In fact, about
90% of patients with iRBD showed a positive Seed
Amplification Assay (SAA) for alpha-synuclein in
the cerebrospinal fluid [17-19, 21]. Interestingly, the
few patients with a negative alpha-synuclein SAA
are at very low risk (hazard ratio 0.14) of developing
parkinsonism or dementia over time [17]. Similarly,
misfolded alpha-synuclein can also be found in the
skin of about 80% of iRBD patients, either using
SAA or immunofluorescence [22, 23].

So far, disease modification clinical trials have
been unsuccessful in PD [24, 25]. However, a rece
proof-of-concept study suggested that a neuropro

tion trial is feasible in iRBD patients [26], in

forward that using disease-modifying th ;ﬁj
prodromal stage of synucleinopathies m@nore
effective. Therefore, iRBD patients W€ ideal,
and the readiest target population Sent{ting disease-
modifying treatments. However. such trials,
we need biomarkers that c@ precisely pre-
dict short-term phenoc o the overt stage

of synucleinopathies. t ’

Opportunities of RBD as early marker in PD

One clear advantage of RBD as a PD early marker
is that both the clinical and instrumental diagnosis of
RBD is straightforward and internationally accepted
and based on polysomnography, a cost-effective, non-
invasive, and widely available tool.

In fact, the presence of RBD is by far the strongest
risk factor for developing the overt, motor phase of
PD [27]. Indeed, a new biological definition of PD
suggests that there should no longer be distinction
between “prodromal” and “defined” disease stages,
but rather the identification of clinical symptoms and
signs of PD that have occurred as a consequence
of the alpha-synucleinopathy neurodegenerative pro-
cess [28, 29]. These include the cardinal motor signs

of parkinsonism, but also polysomnography proven
RBD. However, to identify iRBD patients at high
risk of short term phenoconversion, several other
prodromal risk factors, such as age, migro-striatal
dopaminergic impairment, mild cognitive impair-
ment (MCI), and OD, have been extensively studied
in iRBD cohorts worldwide.

In iRBD patients, the most obvious risk fac-
tor for phenoconversion is age. Indeed, older
patients—especially older than 70 years of age—are
at high risk of phenoconversion on the short term
[13-15]. These patients may, however, not be the
ideal target for testing disease-modifying therapies.

Another very strong risk factors for short term
phenoconversion in i patients is nigro-striatal
dopaminergic impaj as measured by dopamine
ith ['21]FP-CIT, with an

o*(aHR) >4 [14, 15]. This has
e center studies [30, 31] and later

adjusted Hazg
been showpg

ingl PECT metrics worsen faster over time in
iRB tients than in healthy controls [32], reflecting
esslve nigro-striatal dopaminergic dysfunction.
fore, DAT-SPECT may be considered a stag-

% biomarker, able to identify iRBD patients with
igh risk of short-term phenoconversion. Moreover,

DAT-SPECT may be also able to monitor neurode-
generation progression, and it might be considered as
a surrogate/additional efficacy endpoint for disease-
modifying treatment trials [26].

Next, MCI can be observed in about 30% of iRBD
patients [13, 33], and is an additional strong risk
factor for short-term phenoconversion (aHR >2.3),
especially for developing the dementia-first pheno-
type (aHR >2.7) [13, 33]. Thus, the presence of MCI
may be used to stratify those patients that are likely
to develop the dementia-first phenotype. To note,
MCI diagnostic criteria and the neuropsychological
tests used in the literature are highly heterogeneous;
therefore, a consensus on the neuropsychological
assessment for iRBD patients is needed [34].

Moreover, OD is one of the earliest non-motor
symptoms to occur in PD (see section below), and
has emerged as an intriguing and potentially impor-
tant feature associated with RBD, manifesting even
more than 20 years before phenoconversion [35, 36].
Itis worth nothing that OD has a good predictive value
for short-term phenoconversion in iRBD patients
(aHR >2.6) [13]. Other non-motor biomarkers (e.g.,
urinary dysfunctions, orthostatic symptoms, depres-
sion/ anxiety) have shown only moderate ability in
predicting phenoconversion in iRBD patients [13].
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Similarly, they did not distinguish between iRBD
patients who converted to “dementia first” versus
those who converted to “parkinsonism first” [13].

Other biomarkers studied in iRBD such as flu-
orodeoxyglucose positron emission tomography,
magnetic resonance imaging as well as neurophys-
iological metrics are extensively described in details
elsewhere [37].

Most literature analyzed individual biomarkers
with univariate approaches. Still, a recent multicen-
tric study showed, using a multivariate approach,
that the combination of age older than 70, consti-
pation and abnormal DAT-SPECT at putamen level
best identifies iRBD at risk of short term phenocon-
version [14]. Future studies should investigate the
combined weight of the most promising phenocon-
version biomarkers in iRBD, such as DAT-SPECT,
alpha-synuclein assays, MCI, autonomic symptoms,
and OD. Finally, one crucial advantages in using RBD
as an early PD marker, in the light of future disease-
modifying trials, is that large trial ready cohorts of
iRBD patients already exist in North America [38]
and in Europe [39, 40].

Pitfalls of RBD as early marker in PD

Despite the potential of using RBD as a erl&

marker of PD, there are some issues

be considered. One of the biggest ch@s of
early biomarkers is the high hetero, time
of phenoconversion and sympt festation in
prodromal patients. In fact, the m%ﬁval between
RBD diagnosis and pheno ®n is 2—4 years,
with a median time o [13-15]. How-
ever, few patients may h@ngstandmg prodromal
phase that last more than 10 years [41]. Therefore, it
is crucial to stratify the patients according to their risk
of developing the overt PD stage.

Further, it is important to highlight that not every
patient had exhibited RBD prior to diagnosis. In fact,
the pooled prevalence of RBD in PD patients is 46%
[42]. Therefore, using RBD as an early marker for
PD might represent a risk of identifying only one spe-
cific PD phenotype. This “PD with RBD” phenotype
is characterized by more severe motor and non-motor
symptoms, poorer quality of life and worse progno-
sis [42—-44]. Indeed, in up to 42% of patients PD
is associated with both RBD and MCI [45], repre-
senting a malignant PD phenotype, as opposed to a
more benign one, with predominant motor symptoms
[46]. Such a distinction may have clinical implica-
tions, as patients with the malignant phenotype are

less responsive to dopaminergic therapies and exhibit
early impairment of daily life activities [33].

Dream enactment behaviors might also be of non-
neurodegenerative origin, such as narcolepsy, limbic
encephalitis, brainstem lesions, post-traumatic stress
disorder and traumatic brain injury [47, 48]. However,
most such cases do not fall in the definition of idio-
pathic/isolated RBD because of the presence of other
neurological or psychiatric signs and symptoms.

Finally, not every patient with iRBD will develop
PD. In fact, 47-64% of iRBD patients phenocon-
vert to PD, 35-46% to DLB, and 2-7% to MSA
[13—15]. While MSA is rare, with a specific patho-
physiological process involving oligodendroglia
alpha-synucleinopathy and DLB share acommon
pathophysiological pzo®8€ss, that is the presence of
neuronal alpha-syi ggregates (Lewy bodies).

Indeed, even #WPR%f DLB have several clinical,
imaging a athologic differences [49], they
may be d part of the same Lewy body disor-
ders gfcdrdgn including PD, PD dementia, and DLB.
To no¥ the presence of RBD seems to character-

specific (more severe) group of patients along
ontinuum. Indeed, RBD is present in most DL.B
ients, and identifies those PD patients at high risk

of developing cognitive impairment and dementia, as
compared to mainly motor PD patients [44, 50].

Olfactory dysfunction in Parkinson’s disease

OD is common, affecting up to 20% of the general
population [51]. It can be quantitative, i.e., complete
(anosmia) or partial (hyposmia), or qualitative, i.e.,
distorted odor perception (parosmia) or perception of
odors in the absence of an odor source (phantosmia)
[52]. OD considerably impacts quality of life, as it can
result in reduced awareness of danger cues (smoke,
spoiled food), abnormal eating behavior (increased
salt/sugar intake, anorexia), anxiety and social iso-
lation (due to lacking perception of the own body
odor) [53]. There are many underlying causes of OD,
including sinunasal diseases, viral infection of the
upper respiratory tract, traumatic brain injury, con-
genital anosmia, exposure to toxic substances, nasal
surgery, or neurodegenerative diseases [54].

In fact, OD is a common non-motor symptom of
PD [55, 56] as more than 90% of PD patients exhibit
OD [57, 58]. Most reports on OD in PD focus on
quantitative aspects; there is little to no systematic lit-
erature available on qualitative OD [59]. OD occurs
early during disease progression, as much as 10 to 20
years before the onset of motor disorders and hence
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diagnosis [27]. While the exact mechanisms respon-
sible for OD in PD are not completely understood, the
olfactory bulb— the first relay station of the olfactory
pathway that receives neuronal input from the olfac-
tory receptor neurons in the olfactory epithelium of
the nasal cavity—is one of the first brain areas to show
accumulation of Lewy bodies [60, 61]. In fact, PD
pathology spreads throughout the brain in a specific
fashion, impacting the olfactory bulb and the anterior
olfactory nucleus in the early stages [60, 62]. One
fascinating albeit controversial hypothesis that could
explain this pattern is that the olfactory epithelium
may be one of two potential entry points for the hith-
erto unknown pathogen causing PD (the other being
the gut) [63, 64].

OD can play arole in the clinical diagnosis of PD,
particularly in its early phase, as the presence of OD is
a supportive criterion for diagnosis [1, 65]. However,
this is complicated by the fact that, as many individ-
uals with OD, patients with PD are often not aware
of OD [66]. Further, although OD is a sensitive early
marker for PD, its low specificity limits the clinical
application for screening.

Olfactory testing has the potential togke:
an early, non-invasive, and inexpensiv@ing
method for PD. Different methods mea-
suring olfactory function; howeve ew are both
well-validated and commerciall %@1& While the
UPSIT is a pure odor identiﬁt t [67], the Snif-
fin” Sticks test allows fi &gombined assessment
of odor identification, D@scrimination and odor
detection thresholds [68]."As PD affects all olfac-
tory tasks in an uniform manner compared to, e.g.,
Alzheimer’s disease [69, 70], both the UPSIT and
the Sniffin’ Sticks test are effective in detecting a
PD-related OD [55]. However, they both are rela-
tively time-consuming. Shorter versions of these tests
also allow for the differentiation of PD patients and
healthy controls [71, 72].

Further, olfactory testing also allows to differen-
tiate PD from other neurological disorders. More
specifically, odor identification tests distinguish PD
patients from individuals with other neurological
disorders such as MSA, supranuclear palsy, essen-
tial tremor, drug-induced parkinsonism, restless leg
syndrome, pure autonomic failure, vascular parkin-

sonism, corticobasal disease, and postural instability
with rest tremor [55].

To differentiate PD-related OD and non-
Parkinsonian OD, routine olfactory tests should
therefore be administered together with comple-
mentary (olfactory) tests. One possibility may be
retro-nasal testing, i.e., the perception of olfac-
tory stimuli in the oral cavity perceived via the
nasopharynx. This main contributor to flavor per-
ception appears to be distinctly affected in PD [73].
Another method is to combine olfactory testing
with other chemosensory tests. In this context, the
trigeminal system is of particular interest. This third
chemosensory system next to smell and taste that
allows the perception of sensations such as the
freshness, warmth, and pungency of odorants,
via the activation of pfsgl chemoreceptors on the
trigeminal nerve, i.egrafial nerve V [74]. Typically,
oss of trigeminal sensitivity,
s¢ in PD [75]. In other words,
trigeminal ity distinguishes PD-related
OD fro%‘n—Parkinsonian OD [75]. This PD
speci osensory impairment pattern can be
obserWd with behavioral, electrophysiological and

oimaging techniques on different processing
[76]. The study of this interaction is therefore

@n:interesting avenue for the early detection of PD.

Opportunities of OD as early marker in PD &

Pitfalls of OD as early marker in PD

One of the current challenges in using olfactory
tests for the early detection of PD is their lack of
specificity. In fact, one in three elderly individuals
have olfactory loss due to a variety of other etiolo-
gies. Many forms of OD are caused by pathologies
unlikely to be related to PD, such as sinunasal dis-
ease or viral infections of the upper respiratory tract.
However, idiopathic OD, which represents approx-
imately one sixth of OD [52], is a prime candidate
for an early marker for PD, being associated with
an increased risk of developing PD [77-79]. How-
ever, given the low specificity of OD, important
parameters such as median phenoconversion time and
percentage of converters are still unknown. In this
context it is important to point out that repeating
the number of olfactory assessments may improve
the specificity of odor identification tests for the
early detection of PD-related OD [80]. Machine
learning may combine olfactory tests with other non-
motor data (e.g., handwriting patterns, movement,
neuroimaging, cerebrospinal fluid, voice) to increase
diagnostic specificity [81].

While olfactory testing allows to differentiate PD
from a series of neurological diseases [55], it remains
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challenging to distinguish PD-related OD from OD
caused by other neurodegenerative conditions such as
Alzheimer’s disease [82]. Nevertheless, PD patients
exhibit greater impairment in detection threshold to
Alzheimer’s disease patients, while the latter group
appears to be more affected in terms of identifica-
tion [69]. When aiming to distinguish PD-related OD
from OD caused by other neurodegenerative diseases,
individuals with iRBD are of particular interest.

In fact, olfactory testing enables the identification
of iRBD patients at short-term risk of developing
DLB or PD [66]. However, one cannot yet distinguish
the phenoconversion trajectory with smell tests alone,
even if, after phenoconversion, DLB patients and PD
patients seem to be distinguishable using olfactory
and trigeminal threshold test [73, 74]. The combined
study of the olfactory and trigeminal systems appears
to be a promising avenue, albeit this remains specula-
tive. Importantly, both the presence and the predictive
value of a PD-specific impairment pattern has yet to
be shown in prodromal PD [72, 73].

Conclusions

The search for early biomarkers of PD is a crit«

area of research with the potential to revojffition-
ize the diagnosis and management of this n@.
As research in these areas continues t@ﬁ, it
is essential to consider the broader j a¥6ns for
clinical practice. RBD and OD re tWo promis-
ing candidates in this pursuit® association
raises intriguing questions red pathophys-
iology and their potentiglwo¥ga# early markers for
neurodegenerative disea§es. Ifideed, olfactory assess-
ment, when combined with DAT-SPECT, increases
its specificity and sensitivity in the prediction of phe-
noconversion of iRBD patients [83] pointing out the
usefulness of using combined biomarkers, instead of
single ones [14, 37]. RBD’s strong association with
synucleinopathies, including PD, and its potential
to serve as a prodromal marker make it a valuable
area of investigation. Similarly, OD’s high prevalence
in PD, its ability to precede motor symptoms, and
its potential as a predictive marker when combined
with nigrostriatal dopaminergic imaging underscore
its significance in the early detection of the disease.
To note, a recent study showed that almost all iRBD
patient with OD had a positive alpha-synuclein assay
[18], suggesting that the combined use of these two
biomarkers may be the best choice for selecting the
patients to be enrolled in disease-modifying trials.

In summary, both RBD and OD show promise as
early markers for PD, offering opportunities for early
detection, monitoring, and research. However, they
should be used in conjunction with other biomark-
ers, so to increase specificity and sensitivity, but also
to identify those patients at higher risk of developing
the motor symptoms of PD. While much progress has
been made, further research is needed to refine the use
of these biomarkers in clinical practice and improve
the accuracy of early PD diagnosis. Additionally,
ongoing research into the underlying mechanisms
linking these biomarkers to PD will deepen our under-
standing of the disease and may lead to the design of
successful disease-modifying clinical trials.
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