Review Article on Toward Precision Medicine in Neurological Diseases

Page 1 of 9

Toward precision medicine in Parkinson’s disease

Lu-Lu Bu', Ke Yang', Wei-Xi Xiong', Feng-Tao Liu', Boyd Anderson’®, Ye Wang?, Jian Wang'

'Department & Institute of Neurology, Huashan Hospital, Fudan University, Shanghai 200040, China; *School of Computing, National University
of Singapore, Singapore
Contributions: (I) Conception and design: ] Wang, Y Wang; (IT) Administrative support: None; (IIT) Provision of study materials or patients: None;
(IV) Collection and assembly of data: None; (V) Data analysis and interpretation: None; (VI) Manuscript writing: All authors; (VII) Final approval of
manuscript: All authors.
Correspondence to: Dr. Jian Wang. Department & Institute of Neurology, Huashan Hospital, Fudan University, Shanghai 200040, China.

Email: wangjian336@hotmail.com.

Abstract: Precision medicine refers to an innovative approach selected for disease prevention and health
promotion according to the individual characteristics of each patient. The goal of precision medicine is to formulate
prevention and treatment strategies based on each individual with novel physiological and pathological insights
into a certain disease. A multidimensional data-driven approach is about to upgrade “precision medicine” to a
higher level of greater individualization in healthcare, a shift towards the treatment of individual patients rather
than treating a certain disease including Parkinson’s disease (PD). As one of the most common neurodegenerative
diseases, PD is a lifelong chronic disease with clinical and pathophysiologic complexity, currently it is treatable but
neither preventable nor curable. At its advanced stage, PD is associated with devastating chronic complications
including both motor dysfunction and non-motor symptoms which impose an immense burden on the life quality of
patients. Advances in computational approaches provide opportunity to establish the patient’s personalized disease
data at the multidimensional levels, which finally meeting the need for the current concept of precision medicine via
achieving the minimal side effects and maximal benefits individually. Hence, in this review, we focus on highlighting
the perspectives of precision medicine in PD based on multi-dimensional information about OMICS, molecular
imaging, deep brain stimulation (DBS) and wearable sensors. Precision medicine in PD is expected to integrate the

best evidence-based knowledge to individualize optimal management in future health care for those with PD.
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The notion of precision medicine evolved over time and been used for the past decade, is considered as the origin of

matured only recently. It became a hot topic not only in
the medical community but also in public sphere since
president Obama announced the “Precision Medicine
Initiative” at the beginning of 2015. In principle, the term
“precision medicine” (1) was proposed as a conceptual
framework, not a new concept. Its core, in which prevention
and treatment strategies are based on taking individual
variability into account, has been applied in practice for
centuries since the earliest classifications and diagnosis of
disease and the specific therapy prescribed (2). Personalized
medicine or individualized medicine, the term that has

© Annals of Translational Medicine. All rights reserved.

precision medicine and still widely used interchangeably.
The precise meaning of these terms continues to evolve
from their original conception. Personalized medicine
mainly refers to identifying patients who are most likely
to benefit from a specific treatment or experience side
effects by defining disease biomarkers and subtypes, to
improve clinical outcomes and minimizing adverse effects.
Precision medicine emphasizes an innovative approach
based on individual characteristics including genetic,
biomarker, phenotypic, or psychosocial of each patient.
Although there is similarity and overlap between the
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concept of personalized medicine and precision medicine,
the latter term has recently become preferred among most
scientists and clinicians who are applying genomics and
data mining to classify individuals into subgroups with
different susceptibility to a disease. What is new for the
concept of “precision medicine” is the emerging approaches
and technologies which enabled tailored treatments
targeted to the needs of individual patients according to
the precise genetic, behavioral, biomarker characteristics
and bioinformatics that underpins the personalization of
medical care. For example, due to the sources of phenotypic
and genotypic big data analyzed by computational tools
and newly available genetic editing technologies, targeted
treatments are available for genetically defined subgroups of
patients, enabling the provision of the right medication at
the right dose for the right patient.

A multidimensional data-driven approach is about
to upgrade “precision medicine” to a higher level of
greater individualization in healthcare, a shift towards
the treatment of individual patients rather than treating a
disease, which is being driven by the convergence of the
big data and OMICS revolutions. Emerging new tools
make it possible to collect large amounts of digital data
from different perspectives. These new sources of data,
together with increasingly available molecular information
from the genome and proteome etc., have created much
value and interest in personalized medicine treatments
based on the new phenotypic databases. Many new types of
databases linked with molecular databases are now available
to bolster the precision medicine concept; most of them
were not readily accessible just a few years ago. In such a
circumstance, patients are not only categorized by disease
groups or subgroups, but also treated as individual cases
based on the multi-scale data. Disease is analyzed according
to genomics as well as molecular data and systems biology.
The computational approaches incorporate a wide range
of these personalized data sources to establish the patient’s
disease data at the multidimensional levels, covering
traditional sources of medical information (the history,
physical examination, and laboratory panel), imaging,
genomic and other OMICS analyses (such as proteomics,
metabolomics, epigenetics, cell sorting, diverse cellular
assays), to individualized objective phenotypic data on
function and overall health status (3) by mobile health
technology. It rapidly expands the scope of precision
medicine and deepens our insight into it by redefining
the classification of disease, interpreting this big data with
important prognostic and treatment implications, and
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facilitating their application in clinical setting.

Thus, this review focuses on highlighting the
perspectives of precision medicine in Parkinson’s disease
(PD), a neurodegenerative disorder in which there is much
phenotypic heterogeneity without accepted classification
criteria of subtypes (4). Precision medicine in PD is
expected to integrate the best evidence-based knowledge to
individualize management in future health care for those
with PD.

OMICS in Parkinson’s disease (PD)

OMICS includes genomics, proteomics, metabolomics and
microbiomics etc., these high-throughput technologies
developed rapidly during the past years, allowing us to
clarify the complex pathogenesis underlying complicated
biological phenomena. The multiple ‘OMICS’ profiles for
each individual facilitate a better understanding of their
physiological or pathological states at a specific moment
and monitoring of their conditions regularly, and the
integration of the OMICS profiling in precision medicine
enables clinicians to offer a tailored treatment to a particular
patient, including those with PD.

Tremendous progress has been made in understanding
genomics of PD since the identification of the mutation in
the a-synuclein (SNCA) in 1997, which encoded the major
component of Lewy bodies (LBs) and Lewy neurites (LNs),
the hallmarks of PD pathology (5). More than 16 loci and
11 associated genes have been identified so far (6), which
improves our understanding of the pathogenesis and
heterogeneity of PD. The cost of whole exome or genome
sequencing reduces to $1,000 or less per case, which makes
it possible to reevaluate the prospect of genetic testing (7)
and its greater impact on clinic use in the era of precision
medicine (8). For example, genetic testing provides key clues
in diagnosing familial PD or some atypical parkinsonism (9),
and helps clinicians design tailored treatment for individuals
based on the prognostic predictions, such as avoiding the
medication with adverse effect of cognitive impairment
in those patients harboring a particular gene with greater
predisposition to dementia. Furthermore, it may also help
a patient make important decisions in prenatal counselling.
For unaffected family members carrying the causative gene,
genetic testing can be used for early diagnosis and guidance
of prevention (10). In the future, the most exciting and
promising studies will focus on some potential therapeutic
targets, such as the reduction and clearance of a-synuclein,
which might slow down or halt the disease process (11).
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Microbiome, an ecological community of commensal
and pathogenic microorganisms embedded on the surface
of our skin and mucosal tracts, is attracting more attention
in the PD field due to the advances in DNA sequencing. It
is now widely recognized that the microbiome of a certain
individual represents a complex fusion in innate immunity,
organisms introduced in early life, diet, lifestyle, exposure
to antibiotics and other environmental factors. Multiple
investigations centering on microbiomes in various areas
might offer a novel approach for precision medicine (12). In
many cases of patients with PD, the prodromal symptoms
of gastrointestinal manifestations frequently occurs before
motor dysfunction appears, the correlation from the gut
to brain might be caused by the dysregulation of brain-
gut axis via the gut microbiota (13-15) and the misfolding
of a-synuclein in enteric nervous systems (16-19).
Alpha-synuclein-related neurodegeneration in the enteric
nervous systems was shown to be correlated with chronic
constipation and pathophysiological changes in the
intestinal wall (20-22). More evidence is in favor of the
hypothesis that misfolding of a-synuclein could spread from
enteric nervous systems towards the central nervous systems
through vagal nerve and the opposite direction of the
process could happen as well (23). It was consistent with the
findings that gut microbiota exert influence on brain activity,
behavior and neurotransmitters or vice versa (24-27).
Several studies suggested gut microbiota might affect
cellular secretion of a-synuclein via regulating the activity
of enteric neurons (24,28,29). Yet the relationship between
gut microbiota and cellular misfolding of a-synuclein
still remains unclear. The abundance of Prevotellaceae (30)
and the genera Blautia, Coprococcus, and Roseburia (31)
were observed to be significantly reduced in feces of PD
patients. On the other hand, the motor dysfunction was
improved after biopsy-proven Helicobacter pylori eradication
in PD patients independent of any antiparkinsonian
medication in a randomized placebo-controlled trial (32).
As aforementioned, early pathology of a-synuclein was
detected after applying parasympathetic innervation to
the gut, which implied the association of the vagal nerve
with a-synuclein-related neuropathology from the enteric
nervous systems to the central nervous system (33-35).
The communication between gut microbiota and the brain
could be regulated by the activity of vagal afferents (36,37).
Therefore, a better understanding of gut microbiota
composition and the brain-gut microbiota axis
interactions might offer a novel opportunity for clarifying
pathophysiology of PD, making an earlier diagnosis, and
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providing individualized therapeutic options with anti-
inflammation therapy or even vagotomy targeting in certain
types of PD subgroups. Further research is needed in the
future to confirm the causative correlation between gut
microbiota and motor dysfunction in PD patients before
utilizing antibiotic therapy to treat PD.

Molecular imaging in Parkinson’s disease (PD)

Molecular imaging allows a window into the pathophysiology
of PD in vivo, as well as measuring the severity and
progression. Even though it is not being considered as a
key part of precision medicine in PD now, it plays a more
important role in how the diagnosis is made (4). The
dopamine terminal dysfunction can be demonstrated by
positron emission tomography (PET) or single photon
emission computed tomography (SPECT) with different
tracers (38), which contribute to early and accurate
diagnosis leading to appropriate medications. PET/SPECT
imaging, integrated with other individual information such
as genetic testing, can help the healthcare provider design
tailored interventions. For instance, molecular imaging in
the asymptomatic carriers with gene mutation of PD could
illustrate the disease progression at its preclinical stage, thus
permitting the use of neuroprotective treatments at the
right time in appropriate individuals in the future.

Meanwhile, investigation of other neurotransmitter
tracers such as acetylcholine, glutamate and some other
pathogenesis related tracer are also needed to explore the
complicated pathogenesis and progression of PD (39). For
instance, neuro-inflammation ligand imaging the microglial
activation might guide the individualized application of
non-steroidal anti-inflammatory therapy on PD patients in
the future (40). With advancement in better understanding
the nature of neurodegenerative deterioration, personalized
medical approach for prevention or treatment will come
true eventually.

Novel tracers for imaging a-synuclein are under
development and would be of particular importance as well,
because abnormal deposition of a-synuclein is a pivotal
pathogenesis in most cases with PD. But there is no tracer
available for in vivo specifically imaging a-synuclein in
human now (41-43). The visualization of a-synuclein in
imaging will enable us to distinguish those PD patients
without a-synuclein aggregation like those with Parkin gene
mutations (44) and then exclude them from participating
in immunotherapy trials targeting a-synuclein (45). Taken
together, molecular imaging plays a crucial role in serving
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as diagnostic, prognostic, monitoring biomarkers of PD, its
development will undoubtedly lead to a better integration
of precision medicine in PD.

Deep brain stimulation (DBS) in Parkinson’s
disease (PD)

DBS is an effective surgical procedure for the treatment
of advanced PD patients. In the past 25 years, it has been
performed in more than 12,000 patients across the world.
The potential mechanism of DBS is to block abnormal
neural signals which lead to clinical symptoms of PD via
sending electrical impulses to specific brain regions. As a
highly specialized and precise procedure, DBS has been
confirmed to be an effective treatment among the candidate
PD patients suffering from specific motor symptoms or
complications. From the perspective of precision medicine,
one of the key considerations in DBS is to select the most
effective target area individually. As key components of
cortico-basal ganglia-thalamo-cortical axis, subthalamic
nucleus (STN) and the internal part of the globus pallidus
(GPi) are identified to be most effective targets for treating
Levodopa-responsive motor symptoms and complications.

For instance, levodopa-induced dyskinesia, a troublesome
complication caused by long-term levodopa treatment, is
one of the major indications for DBS surgery. Remarkably,
reducing the dosage of levodopa through the STN-DBS
surgery is an obvious and effective way to reduce levodopa-
induced dyskinesia, meanwhile, GPi-DBS is proven to
impact the basal ganglia loop and directly reduce levodopa-
induced dyskinesia.

Side effects would be another major consideration when
choosing the best target. Recent studies indicated side
effect like cognitive decline, speech difficulty, imbalance,
gait disorders, depression, declined visuomotor were
more common in STN-DBS than GPi-DBS (46). So a
careful preoperative assessment is vital for the favorable
outcome. According to the criteria of selecting the DBS
target between STN and GPi, GPi is recommended in the
patients suffering from psychiatric symptoms, gait deficits,
speech problem, postural instability, as well as highly
advanced patients who can’t bear the risk of cognitive
impairment and psychiatric/medical comorbidity by
STN-DBS (47,48). On the other hand, the adverse events
induced by anti-PD medication, such as levodopa-induced
dyskinesia, hallucination, and aggressiveness would be
decreased after receiving STN-DBS (49). Also, battery life
is practical issue in the comparison of targeting STN or
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GPi, since much more energy is needed for GPi-DBS due
to the large anatomical structure. However, the importance
of this issue has been significantly lessened because of the
more application of chargeable DBS pacemaker.

Another target has been used for treating PD is the
ventralis intermedius (Vim) nucleus in the thalamus. Vim-DBS
was reported to be able to stop the refractory tremor
since 1987, but only a few patients with predominant
longstanding tremor are considered to be appropriate
candidates for Vim-DBS (50) because of its limitation of
little improvement in akinesia and rigidity.

In advanced PD, gait and balance disorders are two
of the dominant motor disabilities. Increasing bodies of
evidence has indicated that low-frequency stimulation of
the pedunculopontine nucleus area (PPN-DBS) can be
effective for treating gait and balance disorders, on which
neither STN-DBS nor GPi-DBS shows significant effect
(51,52). The pilot PPN-DBS was performed in PD patients
previously implanted with STN-DBS or zona-incerta-DBS
in open label trials, exhibiting significant improvement
in gait and balance deficits as well as other parkinsonian
symptoms. Nonetheless, the efficacy of PPN-DBS
was variable when it was the only target area (53,54).
Interestingly, another randomized, double-blind, cross-over
study suggested that the combination of PPN-DBS and
dopamine replacement treatment showed significantly
helpful effect on the freezing of gait (55).

Despite the well-established evidences that support DBS
as an effective option for advanced PD, the feasibility is still
limited by effects, side effects, battery consumption and
costs. DBS is still undergoing a revolutionary upgrading. To
achieve automatic adjustment to the brain response in real
time by regulating stimulation parameters, adaptive DBS was
introduced in 2006 and brought about the better control of
motor outcomes and marked reductions in side effects (56).
Chen et 4l. performed an interesting experiment exhibiting
that consecutive stimulation of STN may be unnecessary
especially during “on” state in PD patients with motor
fluctuation, instead, it may deteriorate motor functions.
Since then many researches revealed that the effectiveness of
adaptive DBS showed the advantages over the conventional
continuous DBS, such as minimizing side effects, optimizing
therapeutic efficacy, and prolonging battery life (57-59).
Basically, adaptive DBS generally contains four parts,
including stimulating electrodes, a physiological biomarker
recorder, a controller, and a control algorithm. The
physiological biomarker recorder is the key element that
offers feedback signals to the controller, therefore stimulation
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parameters could adaptively modify. The local field potential,
spike, electrocorticogram, near infrared spectroscopy,
electroencephalogram, magnetoencephalography, etc.,
can be used as internal biomarkers to provide feedback
signals. In the meantime, wearable sensors can record
the motor changes of patients as an external biomarker.
Taken together, they could record feedback signals to
adjust stimulation parameters from the body in a real
time manner (60,61). A recent trial of unilateral adaptive
DBS showed that it was more effective than conventional
continuous DBS in improving UPDRS performance
by mediating stimulation of B activity, which referred as
the local field potential recorded from STN area (57).
A bilateral adaptive DBS study confirmed that both axial and
limb symptom could be improved and independent bilateral
sensing and stimulation could track the need for levodopa
administration according to the amplitude of B activity at
the corresponding electrode (58). In summary, adaptive
DBS can provide a precision and individualized treatment
for each patient through automatically adjusting parameters
according to the real-time brain/body response (62),
and a personalized option by adopting spontaneous
stimulation parameters to suit the needs for individual
patient (63).

Wearable sensors

The rapid advances in molecular imaging and OMICS have
made it possible to customize the health care of individual
PD patients, with physiological and pathological insight into
the subtype and stage of the disease (3). On the other hand,
the feasibility of mobile medical equipments could provide
clinicians with individualized objective phenotype data on
function and overall health status. Unlike the traditional
clinical assessment mainly depending on subjective
judgement of physicians, wearable sensor technology
with the characteristics of being objective, sensitive,
accurate and real-time, brings big data into the process of
patient profiling. The introduction of big data becomes
an important reason for the upgrading of “personalized
medicine” to “precision medicine” (64), dividing PD
patients into subpopulations from the aspects of precise
assessment of motor function, motor subtypes classification,
prognostic prediction and treatment evaluation.
Traditionally, the multiple motor symptoms in PD are
assessed by clinical rating scales, including the most widely
used UPDRS-IIT score, which consists of separate items
regarding different motor symptoms with discrete grading

© Annals of Translational Medicine. All rights reserved.

Page 5 of 9

scores from 0 to 4. Physicians utilize the UPDRS-III score
to roughly evaluate the severity of the disease, however, it
does not meet the demand for precision medicine.

In comparison to UPDRS-III score, wearable sensors can
record and analyze motor symptoms by attaching wearable
sensors on different body parts of the patients. Significant
correlation was revealed between the objective measures and
the clinical rating score, which showed the potential of the
objective measures. Rapid alternating movement is used for the
evaluating bradykinesia in clinic, which could be objectively
measured by using a foam handball in subjects’ hands that
was attached to angular displacement sensors (65). In terms
of the postural instability evaluation, there are two currently
accepted gold-standards: the laboratory measures of sway from
a force-plate and the postural instability gait difficulty (PIGD)
sub-score related to clinical postural instability. Mancini ez al.
reported an objective measure referred as “JERK”, exhibiting
correlation with both the gold-standard from the force-plate
and PIGD sub-score (66). In a study aiming to characterize the
dynamics of arm swing coordination during walking, subjects
wore forearm accelerometers during extended walking trials.
Higher arm swing asymmetry was found in PD subjects and
was significantly correlated with the UPDRS-IIT score of
limbs (67).

PD is of great heterogeneity in clinical profilings, often
divided into tremor dominant and PIGD motor subtypes (68).
Compared to tremor dominant, the PIGD patients were
likely to suffer from a more rapid decline and higher
possibility of developing dementia (69). Therefore, it was
relevant to distinguish between the two motor subtypes and
to characterize the heterogeneity, as an important reference
to the prognostic prediction and treatment decision-making.
The instrumented time up and go (iITUG) was a
technological revolution of the traditional time up and go
(TUG) test (70). In the study of investigating the feasibility
of iTUG in differentiating the tremor dominant and
PIGD subtypes, significant difference was found between
the tremor dominant and PIGD groups in the objective
measures of walking duration, numbers of steps, turn-to-walk
amplitudes, etc. In addition, imbalance was one of the major
different characteristics between the two motor subtypes,
which could be tested using a single inertial measurement
unit (71). In Rocchi’s study, several objective postural
measures were selected as the best to discriminate between
the tremor dominant group and PIGD group (72).

Freezing of gait and falls are the major reasons of
secondary injury in PD patients. Prediction of the risks
regarding freezing of gait and fall will contribute to
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Parkinson’s
disease

Multidimensional individualized information

Figure 1 How multidimensional data of individuals will support
precision medicine in PD. Multidimensional data-driven
approaches make it possible to build a knowledge network
of each individual including all available biology and clinical
information. OMICS, molecule imaging, deep brain stimulation
and clinical symptoms are four crucial elements that constitute
of this knowledge network. Together they lay the foundations for
precision medicine in PD, offer a deeper understanding, more
accurate diagnoses, and better tailored therapy. DBS, deep brain

stimulation; PD, Parkinson’s disease.

tailored individual health care. The acceleration measures
derived by body-fixed sensors were significantly different
in fallers and non-fallers, which were correlated with
previously validated measures of fall risk (73). Furthermore,
therapeutic equipments based on wearable sensors and
rhythmic auditory systems have been developed to detect
freezing of gait and help patients resume walking on time
simultaneously (74).

The long-term use of levodopa replacement treatment
in PD would lead to complications of disabling fluctuations
and levodopa-induced dyskinesia. Using a wrist-worn
sensor, the measurement system could not only detect the
presence of levodopa-induced dyskinesia with sensitivity
of 0.73 and specificity of 1.00 (75), but also demonstrate a
correlation coefficient of 0.81 between clinician and model
scores (76). The study under real-life conditions indicated
that the proposed method was highly efficient for levodopa-
induced dyskinesia assessment, including detection of
levodopa-induced dyskinesia symptoms and classification
of their severity (77). Meanwhile, long-time monitoring
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of the principal motor symptoms (e.g., gait and tremor) of
PD could also reflect the medication effects indirectly by
assessing the motor fluctuation during daytime (78-80).

In summary, precision medicine in PD is put forward
initiatively in the context of rapid development in molecular
biology and computational approaches, making deeper
understanding towards the physiological and pathological
mechanisms of the disease. Individualized evaluation
and tailored therapeutic strategies will be built based on
multi-dimensional information about OMICS, molecular
imaging, DBS surgery and wearable sensors (Figure I). It is
reasonable to expect that the idea of precision medicine will
become a promising and feasible strategy of providing more
professional benefit to PD patients in the near future.
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