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Abstract
Early descriptions of subtypes of Parkinson’s disease (PD) are dominated by the approach of predetermined groups. Experts
defined, from clinical observation, groups based on clinical or demographic features that appeared to divide PD into clinically
distinct subsets. Common bases on which to define subtypes have been motor phenotype (tremor dominant vs akinetic-rigid or
postural instability gait disorder types), age, nonmotor dominant symptoms, and genetic forms. Recently, data-driven approaches
have been used to define PD subtypes, taking an unbiased statistical approach to the identification of PD subgroups. The vast
majority of data-driven subtyping has been done based on clinical features. Biomarker-based subtyping is an emerging but still
quite undeveloped field. Not all of the subtyping methods have established therapeutic implications. This may not be surprising
given that they were born largely from clinical observations of phenotype and not in observations regarding treatment response or
biological hypotheses. The next frontier for subtypes research as it applies to personalized medicine in PD is the development of
genotype-specific therapies. Therapies for GBA-PD and LRRK2-PD are already under development. This review discusses each
of the major subtyping systems/methods in terms of its applicability to therapy in PD, and the opportunities and challenges
designing clinical trials to develop the evidence base for personalized medicine based on subtypes.
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PD Subtypes: a Brief History

The heterogeneity of Parkinson’s disease (PD) has long been
recognized, even in the early description by James Parkinson

[1]. The idea that this heterogeneity is dividable into discrete
subtypes is also not new, with proposals that PD is not one but
many diseases dating back decades [2, 3]. Early descriptions
of subtypes of PD are dominated by the approach of pre-
determined groups. Experts defined, from clinical observa-
tion, groups based on clinical or demographic features that
appeared to divide PD into clinically distinct subsets. These
early investigations into PD subtypes focused mainly on mo-
tor features of the disease and divided PD patients into some
variation of tremor dominant and akinetic-rigid or postural
instability gait disorder (PIGD) phenotypes [4]. Explorations
of motor subtypes identified differences based on the propen-
sity to develop cognitive impairment and rate of accumulation
of motor disability, both more likely in the akinetic-rigid or
PIGD forms [4, 5]. Cross-sectional differences were also seen
in other symptoms such as olfactory impairment [6] and age at
onset [7]. Later, pathological differences between the motor
subtypes were demonstrated [8].

Another common basis on which to subdivide patients has
been age at onset, with a more rapid accumulation of motor
and cognitive disability in those with older onset [9, 10]. Other
methods for defining subtypes have been based on sex [11,
12], or predominant nonmotor symptoms (depressed vs not
depressed, cognitive profile, autonomic, sleep disturbance)
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[13–15]. There has been minimal subtyping based on bio-
markers to date, with the exception of genetic subtypes of
PD. Many studies have examined the unique features of indi-
viduals with PD carrying different genetic variants, particular-
ly the two most common, leucine-rich repeat kinase 2
(LRRK2) and glucocerebrosidase (GBA) mutations [16–20].

Recently, hypothesis-free, data-driven approaches have
been used to define PD subtypes. Data-driven subtyping takes
an unbiased statistical approach to the identification of sub-
groups. The vast majority of data-driven subtyping has been
done based on clinical features. These analyses allow a multi-
dimensional exploration of the data and the placement of indi-
viduals into clusters based on the co-occurrence of features.
The first data-driven subtyping study defined three subtypes
described as motor only, motor and executive dysfunction
progressing to global cognitive impairment, and older onset
characterized by rapid motor and cognitive progression [21].
Since that first data-driven subtyping study, a number of similar
studies have followed, producing different combinations and
numbers of subtypes (although common variables included in
the cluster descriptors are age, rate of progression, motor and
cognitive impairment) [22]. The differences between the
resulting subtypes likely reflect differences in the cohort char-
acteristics and the input variables used to define the clusters.

There are several possible goals of dividing PD into sub-
types. Broadly, subtyping may be used to guide clinical care
or research. In research, it may provide more homogeneous
groups within which to investigate pathophysiology of dis-
ease, or to guide the design of clinical trials. In clinical care,
subtypes may assist in counseling regarding prognosis, should
the subtypes have different rates of progression of symptoms,
or may guide treatment if subtypes are associated with re-
sponse to therapy. Given the broad spectrum of symptoms
and the variable response and tolerability of current symptom-
atic treatments between patients, there is great interest in the
applicability of described subtypes to advance personalized
medicine in PD. Not all of the subtyping methods mentioned
above have established therapeutic implications. This may not
be surprising given that they were born from purely clinical
observations of phenotype and not in observations regarding
treatment response or biological hypotheses. We will discuss
each of the major subtyping systems/methods in terms of its
applicability to therapy in PD, and the opportunities and chal-
lenges designing clinical trials to develop the evidence base
for personalized medicine based on subtypes.

Therapy of PD Subtypes

Subtypes Based on Age

Age has been considered a sole criterion for pre-defined PD
subtypes. Late-onset PD (frequently defined as above age 70)

is associated with a higher prevalence of tremor [23–25],
greater axial involvement [26], and a faster motor progression
[27, 28]. In contrast, early-onset PD (diagnosis before the age
of 45) has been associated with a higher prevalence of dysto-
nia [24] and a lower risk of dementia [28]. A lesser motor
response to dopaminergic treatment [29] and greater risk of
psychosis with levodopa/carbidopa treatment [25] have been
found in late-onset PD, and the early-onset PD group has a
higher incidence of levodopa-associated dyskinesia [25, 30],
but not of motor fluctuations [30]. Recently, age at diagnosis
was associated with increased risk for death in a data-driven
PD subtypes study [31].

These differences have therapeutic implications and age is
considered in the clinical management of PD (for summary,
see Table 1) although some have pointed out that the research
conducted on the role of age in the clinical presentation in PD
may be marred by methodological issues related with small
sample size, sampling bias, and the variable cutoff adopted for
age in the different studies [27]. Older patients are likely to
have poorer tolerability to some symptomatic pharmacologi-
cal options such as dopamine agonists and anti-cholinergics,
and levodopa is more frequently selected as first line therapy
in this age group [26]. The higher incidence of motor compli-
cations and lesser cognitive problems in early-onset PD favors
more frequent use of dopaminergic agents other than levodopa
to delay the onset of motor complications [32]. Older age is
considered a relative contra-indication for deep brain stimula-
tion (DBS). At the time of DBS, older age (> 70) is associated
with postoperative delirium [33] and has a lesser benefit to
quality of life [34] than when performed in younger patients.
Along the same lines, the clinical characteristics of PD sub-
types defined by age at the time of diagnosis may be con-
founded by the presence of brain co-pathology, an aspect rare-
ly evaluated in PD subtypes studies pre-defined by age. For
example, Alzheimer’s disease (AD) or cerebrovascular dis-
ease is associated with features found in older onset PD such
as dementia [35, 36], a lesser responsiveness to dopaminergic
treatment and postural instability [37]. Consequently, diag-
nostic tests to assess the presence of these conditions deserve
special attention to better inform prognosis and anticipate as-
sociated symptoms.

Motor Subtypes

Patients with PD have been typically divided into those with
tremor and those with predominant axial symptoms, the latter
being labeled the postural instability and gait dysfunction
(PIGD) or akinetic-rigid type. Among the motor features of
PD tremor has particular implications in management
(Table 1). Tremor may not respond significantly to dopami-
nergic treatments in a significant proportion of patients [38,
39]. In clinical practice, there are therapeutic options consid-
ered specifically for an anti-tremor effect when it is refractory
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to dopaminergic agents. Anti-cholinergics are a classic exam-
ple, though the level of evidence is low, and its current use
limited due to the risk of cognitive impairment [40].
Clozapine, an atypical neuroleptic, has been shown to im-
prove tremor in PD [41]. Despite the need for white blood cell
count monitoring due to the risk of agranulocytosis, clozapine
may be considered in clinical practice for cases of severe
tremor refractory to dopaminergic treatment when other op-
tions such as DBS or lesion therapy are not available. Finally,
tremor is the singlemotor feature in PD that may improve with
DBS regardless of being responsive or not to dopaminergic
treatment [42]. It should be remembered that commonly pa-
tients with more severe tremor (score ≥ 3 in tremor items of
the MDS-UPDRS [43] or the preceding UPDRS) [44] have
been excluded from clinical trials, limiting the transferability
of efficacy results of motor symptomatic therapies into clinical
practice for this group of patients.

The presence of axial features in the PIGD motor subtype
has relevant therapeutic implications, as these symptoms may
become less responsive to pharmacotherapy with disease pro-
gression [29]. These patients are at particular risk of recurrent
falls, a major landmark in the natural history of PD that, to-
gether with dementia, are associated with loss of autonomy
and institutionalization [45]. Physical therapy referral for falls
prevention strategies is recommended in this population [46].
In those with gait impairment that is responsive to dopaminer-
gic treatment, GPI-DBS may be preferred over STN-DBS in
cases of significant gait impairment pre-DBS [43, 44, 47]. As
outlined earlier, the motor PD subtype may have prognostic
value, with a PIGD phenotype being associated with worse
prognosis in terms of cognitive impairment and motor disabil-
ity [4, 5]. The application of this information in clinical trials
of disease-modifying therapies is greatly limited by recent
observations that the individual patient can transit between

Table 1 Personalized medicine approaches by PD subtype

Subtype Therapeutic strategy

Age Young onset • Monitor for emergence of motor fluctuations and dyskinesias
• Consider dopamine agonists to delay motor complications

Older onset • Caution when using dopamine agonists, anti-cholinergics, or deep brain stimulation
• Consider the role of co-pathology (e.g., Alzheimer’s disease or cerebrovascular

disease), if atypical cognitive or motor features appear

Motor Tremor dominant • May consider anti-cholinergic drugs, clozapine, or deep brain stimulation
for levodopa-refractory tremor affecting quality of life

Akinetic-rigid • Early referral to physical therapy to reduce fear of falling and prevent falls
• Consider GPi as a deep brain stimulation target (vs. STN) for

significant gait impairment

Nonmotor Cholinergic: Early cognitive
decline and falls

• Consider intervention with cholinesterase inhibitors, e.g., rivastigmine (E)
• Avoid anti-cholinergics from the onset or drugs with anti-cholinergic

potential as well as dopamine agonists, unless specifically required
• Early bone health screening to ensure optimal management of osteoporosis

due to higher risk of falls and fractures
• Physiotherapy and exercise programs focused on gait and falls prevention

Noradrenergic: dysautonomia, esp.
delayed gastric emptying and constipation

• Monitor for postural hypotension, treat as required, e.g., droxidopa (E)
• Monitor for constipation, treat as required, e.g., polyethylene glycol (E),

lubiprostone (E), probiotics (LE)
• Screen for delayed gastric emptying.
• Consider use of nonoral dopaminergic therapies
• Screen and counsel for RBD
• Lifestyle advice for peripheral sympathetic dysfunction such as peripheral

pain and thermoregulatory function

Serotonergic: somnolence, fatigue • Avoid dopamine agonists with a D3 activity (e.g., pramipexole, ropinirole)
• Consider proactive recognition and treatment of fatigue, e.g., rasagiline (E)
• Evaluate and treat sleep-disordered breathing (continuous positive airway

pressure, E), if present
• Lifestyle advice regarding driving and other hazardous occupations, in

which sleepiness could be a problem

Genetic subtypes GBA-PD • Avoid use of anti-cholinergics and dopamine agonists in cognitive impairment
• Cautious use of deep brain stimulation given poorer outcomes

LRRK2-PD • As in idiopathic PD

E = efficacious; LE = likely efficacious (according to the International Parkinson’s andMovement Disorders Society Evidence-BasedMedicine Review
[55])
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motor PD subtypes (particularly from the tremor dominant
form to other forms) both earlier in the disease [48, 49] and
at more advanced stages [50, 51].

Nonmotor Subtypes

PD is a syndromic condition with great heterogeneity of spe-
cific nonmotor symptoms (NMS) presentations. NMS-
dominant subtypes are evident from cluster analysis based
on clinical phenotype studies [52, 53]. This concept can form
a basis for delivery of personalized treatment strategies, a rel-
atively new concept in PD (Fig. 1) [54]. This includes emerg-
ing personalized genomic-based therapeutic strategies specif-
ically targeting GBA and LRRK2 mutation positive PD or
nonmanifesting carriers in which nonmotor symptom domi-
nant clinical phenotypes are emerging [53].

Cluster analysis-based subtypes reveal either nonmotor
dominant phenotype or a mixed motor and nonmotor presen-
tation [13]. For personalized treatment, and specifically if one
is to follow the recently published International Parkinson and
Movement Disorders Society evidence-based guidelines for
management of NMS in PD then clinical subtypes are highly
relevant [55]. Subtypes such as Park Cognitive, Park Pain,
Park Apathy, and Park Sleep are postulated to be associated
with the impairment of specific neurotransmitter system(s):
cholinergic, noradrenergic, serotonergic, and mixed dopami-
nergic [13, 53, 56]. Individual studies anchored on a specific
NMS have focused on exploring specific biomarkers
underpinned by a specif ic neurotransmitter . The
neurotransmitter-based subtyping concept brings together
clinical subtyping (as in multiple sclerosis, progressive
supranuclear palsy or multiple system atrophy subtypes),
coupled with biomarkers (neutrotransmitter based nuclear/
PET imaging) where available. Personalized strategies for

the neurotransmitter underpinned subtypes relevant to clinical
practice have been proposed for adoption in some healthcare
systems such as the United Kingdom’s National Institute for
Clinical Excellence (NICE). Examples are provided below
and summarized in Table 1.

The cholinergic or cognitive dysfunction dominated pre-
sentations are possibly the best characterized and are more
frequent in late-onset PD patients who show early cognitive
deficit on screening [52]. Up to 40% of such patients can
progress to early dementia and may have concurrent gait re-
lated issues such as freezing and falls in the ON state [57].
Positron emission tomography (PET) studies (e.g., with
donepezil PET) suggest cholinergic involvement of the corti-
cal and gastrointestinal tract possibly from the prodromal
stage [58, 59]. For these patients, a personalized management
package should include:

& Early counseling and advanced planning concerning a
high probability of cognitive impairment proceeding to
dementia including advice regarding employment, life-
style, and pension plans.

& Consideration of use of cholinesterase inhibitors, along
with dopamine replacement therapy as clinically dictated.

& Avoiding anti-cholinergics from the onset or drugs with
anti-cholinergic potential as well as dopamine agonists.

& Early bone health screening to ensure optimal manage-
ment of osteoporosis as there is higher risk of falls and
fractures.

& Physiotherapy and exercise programs focused on gait and
falls prevention.

PET studies using the serotonin transporter ligand 11C-
DASB supports the existence of a serotonergic subtype dom-
inated by somnolence, sudden onset of sleep resembling

PD 
pa�ent

Clinical 
Subtyping

Applica�on 
of relevant 
biomarkers

Imaging
• 11C-donepezil 

PET
• 11C-DASB PET
• MIBG SPECT
• 11C-MeNER

Genomic/Phar
macogene�cs
• GBA
• LRRK 2

Validated 
clinical 
scales

Subtype 
Specific
treatment

Consider 
“enablers” of 
personalised 
medicine

Mul� 
disciplinary 
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Pa�ent 
reported 
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Nonmotor

Nonmotor

\
\

Cogni�ve, 
Neuropsychiatry, Apathy, 
Fa�gue, Olfac�on

Sleep, Gastrointes�nal. 
Pain, Autonomic

Clinical and biomarker Assessment Treatment Monitoring

Fig. 1 Integration of subtyping
(endophenotyping) into
personalized medicine in
Parkinson’s disease, adapted from
[119]. Patients with Parkinson’s
disease can be clinically subtyped
anchored on the dominant
nonmotor symptoms (NMS)
evident in the denovo or early
motor stage using specific
biomarkers (imaging or genetic)
where available. The resulting
subtype can then be clinically
managed using a subtype-specific
treatment approach which
incorporates several strands of
personalized medicine and multi-
disciplinary input as well as
monitoring with patient related
outcome measures (PRO)
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narcolepsy as well as central fatigue [60, 61]. In patients with
fatigue, as compared to either healthy controls or age, motor
stage and dopamine uptake-matched nondepressed,
nonsomnolent and nonfatigued PD, there is selective reduc-
tion of serotonergic uptake in the limbic striatum and
right insula [60]. Other studies have found a serotoner-
gic uptake deficiency in the raphe area in somnolent PD
only [61]. MRI studies examining cortical thickness and
subcortical nuclei volume have linked both fatigue and
somnolence to thalamic atrophy as well [62]. There may
also be susceptibility to levodopa-induced dyskinesias
[63]. This subgroup needs specific personalized strate-
gies, including:

& Avoidance of dopamine D3 receptor active agents such as
pramipexole and ropinirole.

& Considering proactive recognition and treatment of fa-
tigue based on the MDS recommendations [55].

& Lifestyle advice regarding driving and other hazardous
occupations in which sleepiness could be a problem.

The posited noradrenergic subtype is dominated by focal or
generalized dysautonomia [64]. The burden of the
dysautonomia appears to be largely borne by the gastrointes-
tinal system, namely with delayed gastric emptying (DGE)
and constipation. Studies focused on nonbrain imaging con-
firm widespread gut, cardiac, and peripheral noradrenergic
dysfunction [65]. In a study of PD with and without REM
sleep behavior disorder (RBD) and using 11C-MeNER (a nor-
adrenergic ligand) PET imaging, reduced binding correlated
with EEG slowing, cognitive performance, and orthostatic
hypotension in those with RBD supporting the concept
of RBD being a clinical marker for the noradrenergic
subtype usually dominated by dysautonomia [66].
Peripheral noradrenergic involvement can be further
characterized by abnormalities on cardiac MIBG
SPECT scans showing noradrenergic denervation in
PD. Cognitive impairment can also co-exist suggesting
a clinical overlap between the noradrenergic and cholin-
ergic subtypes. There is also pathophysiological overlap
as cholinergic and glutamatergic mechanisms within the
sublaterodorsal nucleus of the brainstem postulated as
being involved in the control of sleep paralysis during
REM sleep [52, 65, 67]. A pragmatic personalized med-
icine approach should include:

& Early screening and management of symptomatic postural
hypotension.

& Screening and awareness of DGE with earlier use of
nonoral dopaminergic therapies and use of prokinetic
agents (e.g., domperidone).

& Screening for the emergence of REM behavior disorder
[55].

& Early monitoring and management of symptoms related to
peripheral sympathetic dysfunction such as peripheral
pain and thermoregulatory dysfunction.

For the most common presentation of a range of NMS and
parkinsonism, the management approach needs to focus on
the most intrusive NMS as judged by the patient and carer.
The MDS recommendation on evidence-based guideline for
NMS in PD is useful [55].

Despite the above recommendations, there are substantial
knowledge gaps regarding the treatment of NMS-based sub-
types. Themanagement options for NMS in PD are scarce and
warrant more clinical research to address the current gaps in
care. Studies of neurotransmitter-based subtypes have been
cross-sectional so far and based on individual studies which
have linked neurotransmitter specific central or peripheral bio-
markers. It is conceivable that, if followed longitudinally, the
subtypes might converge substantially. From cross-sectional
analyses, however, it appears that the differences are more
obvious in de novo and early motor stages of PD. As men-
tioned above, there is considerable instability of motor sub-
types requiring shifting therapeutic approaches over time and
the same may be true for nonmotor features. It is a common
evolution within individuals that early disease is dominated by
levodopa-responsive tremor or bradykinesia, whereas later
disease is dominated by levodopa-resistant postural instability
with falls and other levodopa-resistant features such as urinary
dysfunction, orthostatic hypotension, and cognitive impair-
ment requiring entirely different therapeutic strategies.

A separate strand that is emerging is the genetic basis for
personalized NMS treatment in PD endophenotypes
underpinned by LRRK2 and GBA mutations [68].
Preliminary evidence suggests a link of cognitive dysfunction
and a higher NMS burden in GBA mutation positive PD as
well as carriers [69–71]. LRRK2 mutation carriers (G2019S
mutation) appear to have a greater propensity for a range of
sleep dysfunction [68]. Management strategies are discussed
in the following section.

Genetic Subtypes

The existence of genetic forms of PD has a potential impact on
therapeutics. Causative genes or genetic risk factors represent
an intuitive target for disease-modifying therapies in PD that
are potentially generalizable to a broader group of patients.
We illustrate these aspects with GBA- and LRRK2-related
PD, in which there is active therapeutic development.

GBA mutations are the most common genetic risk factor
for PD, with 7 to 10% of PD patients carrying a GBAmutation
[72, 73]. The prevalence is higher (estimated to be 17.6%) in
the Ashkenazi Jewish population [74]. PD patients carrying a
pathogenic GBA mutation have an earlier onset of symptoms,
and the PIGD phenotype is more prevalent compared with
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sporadic PD [17, 75]. Nonmotor symptoms such as depression
or anxiety [76] and cognitive impairment [77] are more fre-
quent, though significant cognitive impairment is not general-
ly present at clinical presentation [17]. Faster progression [75,
78, 79] and reduced survival [75, 80] have also been reported.
The type of pathogenic GBA mutation is associated with the
severity of PD phenotype, namely, with the progression of
cognitive impairment [69, 80].

LRRK2 mutations are the most common monogenic form
of PD [81]. The most common pathogenic LRRK2 mutation,
G2019S, corresponds to 1% of sporadic PD and 4% of famil-
ial PD [82]. There is a higher prevalence in some populations
like North African Arabs [83] and Ashkenazi Jews [84]. In
LRRK2-PD, the clinical phenotype largely overlaps with spo-
radic PD, although with some differentiating features such as
an earlier onset of symptoms [82], more frequent lower ex-
tremity involvement at onset and a PIGD subtype with in-
creased risk of falls [85], lack of cognitive impairment [20],
and lower prevalence of hyposmia and RBD [18, 86]. Overall,
LRRK2-PD is associated with a slower decline in the motor
UPDRS [20, 82, 87] and longer survival compared with idio-
pathic PD [88].

The current management of GBA- and LRRK2-related
forms of PD does not differ from that of idiopathic PD with
the exception of vigilance for symptoms that have a higher
frequency in this subtype (Table 1). Some treatments may be
associated with different outcomes though LRRK2-PD has
been associated with better motor outcomes after DBS [89]
though others found that LRRK2 gene status did not predict
outcome in DBS [90]. Patients with a GBA mutation have
worse post-surgical cognitive and functional performance
[91]. In addition, the greater cognitive decline in GBA-
associated PD discourages the use of anti-cholinergic drugs
or dopaminergic treatments other than levodopa that can lead
to delirium or psychosis in those with cognitive impairment.

Aside from symptomatic therapy, genetically determined
forms of PD are perhaps the best models available to explore
the concept of disease modification through the development
of therapies that attempt to mitigate the pathogenic effects of
the gene mutation in the brain and delay the progression of
PD. LRRK2-PD and GBA-PD are two examples with ongo-
ing therapeutic development. In the context of disease-
modifying therapeutic development, substrate reduction and
the increase of GCase activity are being investigated in GBA-
PD to rescue the enzymatic defect associated with a GBA
mutation and potentially slow disease progression [92].
Restoration of GCase activity has been approached using
small chaperone molecules that facilitate the transit to the
lysosome of GCase and increase enzyme activity, direct en-
zyme activation, or gene replacement using an adeno-
associated virus vector-9 (AAV9) [92]. Ambroxol is a muco-
lytic drug repurposed for GBA-PD for its function as a small
molecule chaperone. A phase II study reported an

encouraging increase in CSF β-GCase enzyme activity al-
though being safe and well-tolerated in PD with and without
GBA mutation [93]. An activator of GCase (LTI-291) has
been tested in a phase 1b trial conducted in patients with a
GBA mutation and showed dose-dependent brain penetration
without safety concerns. The AAV9-based gene therapy for
GBA-PD is currently under evaluation with a phase 1/2 clin-
ical trial assessing the safety of intra-cisternal administration
of PR001A in patients with moderate to severe PD and at least
one pathogenic GBA1 mutation (NCT04127578). The sub-
strate reduction approach targets lipid biosynthesis to prevent
the accumulation of glucosylceramide. A glucosylceramide
synthase inhibitor, venglustat, was initially tested in a phase
I study that showed target engagement with a favorable safety
and tolerability profile [94]. A phase II clinical trial is ongoing
(NCT02906020).

In LRRK2-PD, the observation that some pathogenic
LRRK2mutations increase the kinase activity led to the devel-
opment of novel therapeutic interventions [95]. The mutated
LRRK2 pathway is associated with increased formation of
synuclein inclusion in cultured neurons [96]. Its downregula-
tion with LRRK2 antisense oligonucleotides (ASOs), for ex-
ample, reduces fibril-induced α-synuclein inclusions and in-
creases the number of tyrosine hydroxylase neurons [97],
strengthening the evidence for potential disease-modifying
effects of a therapy targeting LRRK2 function. One barrier
to the use of inhibitors of LRRK2 is the systemic expression
of LRRK2 in the immune system, lung, and kidney with po-
tential for poor tolerability and unacceptable safety. Currently,
small molecule LRRK2 inhibitors are in pre-clinical develop-
ment. These compounds were designed to have brain perme-
ability, greater enzymatic selectivity, and a degree of inhibi-
tory activity that is predicted to allow for significant biological
activity and mitigate potential systemic adverse events [92].
Two LRRK2 inhibitors, DNL201 and DNL151, are already in
a clinical phase of development. The compound DNL201
seems to be well tolerated, as reported by the developing
pharmaceutical company, with greater than 50% inhibition
of LRRK2 kinase activity in PD patients [98]. A recent phase
1b trial demonstrated target engagement in healthy volunteers
with DNL151 and a phase 1b in LRRK2-related PD and PD
without a known gene mutation is ongoing (NCT04056689).
One of these compounds is planned to advance to phase 2/3
trials in the future [98]. A genetic-based approach targeting
mRNA is also being pursued in a phase 1 study evaluating
safety, tolerability, and pharmacokinetics of intrathecal injec-
tion of an ASO for the mRNA of the LRRK2 gene (BIIB094),
regardless of LRRK2 mutation status (NCT03976349).

In the future, it is possible that genetic target-specific ther-
apies may be developed in other monogenic forms of PD and
potentially in the broader population of sporadic PD. Recent
meta-analyses of GWAS studies suggest that the heritable
component of PD is about 20% [99]. Some of the clinical trials
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targeting GBA or LRRK2 are already recruiting patients with
PD without a gene mutation, which is supported by data
showing that patients not carrying mutations in either gene
can present with enzymatic dysfunction of GCase [100] or
LRRK2 [101]. Interestingly, LRRK2-PD patients carrying a
G2019S mutation may have increased GCase activity [100],
and it is thus conceivable that targeting multiple genes in-
volved in PD may be of wider applicability as a disease-
modifying approach in other genetic subtypes or even idio-
pathic PD.

Data-Driven Subtypes

Although currently there are no therapies based on data-driven
subtypes, it is conceivable that the information about data-
driven subtypes may be used to inform clinical care and better
inform patients about prognosis in the future. Clinical PD
subtypes defined using data-driven techniques have demon-
strated prognostic value with differentiated progression rates
between groups [102, 103] and differing risk for adverse dis-
ease milestones [31]. Despite these data, there are barriers to
using this information in clinical care. In general, there is a
lack of validation efforts in most data-driven PD subtyping
systems (personal communication), which limits its use in
other populations beyond the original study. Another impor-
tant barrier derives from data-driven subtypes being defined
based on multi-factor group characteristics and consequently,
there is a need to identify post hoc criteria that guide the
allocation of individuals to a given subtype. Ideally, an algo-
rithm for classifying individual patients should be highly spe-
cific and sensitive, easy to administer and use readily available
data to permit its future application in clinical practice. The
development of algorithms to assign membership to a specific
PD subtype at the individual level is very sparse in data-driven
PD subtyping and warrants more attention. So far, results
showmodest specificity and sensitivity [103] that would make
them of limited applicability as a classification tool in clinical
practice.

Subtypes Based on Biomarkers

A biomarker-based definition of subtypes is appealing for a
personalized approach to treatment in PD due to its assumed
relevance to underlying pathophysiology. Therapeutic appli-
cations of biomarkers include the identification of groups of
patients in a PD population that share a molecular or biochem-
ical feature related to a specific disease mechanism, which in
turn informs a particular therapeutic approach.

The field of biomarker-based subtypes is developing and
the potential application in relation to nonmotor phenotyping
has been previously discussed, particularly with respect to
PET-based imaging studies. These biomarkers have been used
to explore the biological basis of data-driven clinical PD

subtypes [103, 104]. This has been a “top-down” clinical to
biomarker approach to understanding the pathophysiology of
NMS. If instead we take a bottom-up approach starting from
the biomarker itself to define subtypes, we may come closer to
defining groups that are therapeutically relevant. From the
descriptions of PD subtypes discussed above, it is clear that
the current (mostly) clinically defined PD subtypes have over-
lapping features. For example, the presence of dystonia in an
autosomal recessive form of genetic PD such as PARK-Parkin
[105] was equally reported in PD subtypes pre-defined by the
age of onset of PD. As in the parable of “The Blind Men and
an Elephant,” the reported PD subtypes seem to be one piece
of many pieces of the PD puzzle [106], blind to the core
disease mechanisms in PD that may better explain heteroge-
neity. The use of biomarker-defined PD subtypes based on
systems biology may be a solution to overcome the current
redundancy [106] and may have great applicability to person-
alized medicine.

Therapeutic Development Based on PD
Subtypes

Knowledge about PD subtypes can be used to inform the
development of interventions and various aspects of clinical
trial design, although this opportunity has not been
exploited significantly to date. We will use the cases of
GBA and LRRK2-PD to illustrate the advantages and chal-
lenges of developing a therapy based on a genetically deter-
mined PD subtype. Although LRRK2 and GBA mutations
are the most common known genetic forms of PD, they
remain rare in the PD population, and this presents a signif-
icant challenge for participant recruitment in a trial of a
gene-targeted intervention. A multinational, multicenter tri-
al would require extensive genetic testing screening pre-
recruitment, which is not routinely performed in most clin-
ical centers. Ongoing efforts to overcome this barrier to
successfully conducting future disease-modifying trials in-
clude use of recruitment algorithms [107] to identify eligi-
ble individuals regardless of being followed at a clinical
trials unit involved in PD trial, thus expanding its recruit-
ment pool. It is also possible that the acceptability of genetic
testing may change as more clinical trials of target-specific
therapies are conducted in the future [108].

Knowledge about rates of clinical progression of GBA- and
LRRK2-PD can be used to inform clinical trial design: slower
or faster progression rates reported in GBA- or LRRK2-PD
can be used to determine the duration of a clinical trial and
inform power calculations for outcomes such as the start of a
dopaminergic treatment, onset of motor complications, or de-
mentia. Additionally, more homogeneous progression in
some genetically defined PD subtypes could improve trial
efficiency [109].
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The future development of reliable and accessible assays to
measure the enzymatic activity of proteins associated with a
genetically determined PD subtypes, such as the case of
GCase and LRRK2, can support a more rational development
of a target-specific intervention. For example, results of these
assays can help to identify the interventions and the corre-
sponding doses with the best combination of target engage-
ment, therapeutic biological effect, and safety. Further, pa-
tients with the most significant enzymatic changes related to
a given gene mutation may benefit the most from a corre-
sponding targeted therapy. This feature could be used, in turn,
as an enrichment strategy or inclusion criterion in clinical
trials to increase the yield of positive results, and in the future
as a basis for personalized treatment decisions in clinical
practice.

In PD, the use of disease-modifying therapies in asymp-
tomatic mutation carriers is thought likely to yield a larger
therapeutic effect compared with clinical PD when the neuro-
degenerative process has progressed to cause clinical symp-
toms [110]. A significant barrier to treatment at the pre-
symptomatic stage is that both LRKK2-PD [82, 111, 112]
and GBA-associated PD [113, 114] have variable and gener-
ally low penetrance, making it currently impossible to deter-
mine if and when these individuals will develop PD [115].
Predictive analytics may prove to be instrumental in the iden-
tification of asymptomatic carriers at higher risk of incident
PD in a timeline suitable for a clinical trial. For example,
studies have included genetic, clinical, and environmental ex-
posure data to predict incident PD [116, 117] or the likelihood
of achieving a disease milestone such as cognitive impairment
[118].

The Future of Subtype-Specific Therapeutics

Subtypes described to date have not been derived with the
direct intent of guiding therapy. Therapeutic implications have
been investigated post hoc and to date have not had a major
influence on choice of therapy with the possible excep-
tion of age at onset and some nonmotor subtypes. The
field of pharmacogenomics is rapidly expanding, relat-
ing genetic variants to response to specific drugs, but is
not to date applied in routine clinical practice in PD and
response to treatment alone has not to date been con-
sidered to define a PD subtype.

At this point, the science of PD subtypes is evolving, in
directions more biologically based and presumably with more
direct therapeutic implications. The next frontier is the devel-
opment of genotype-specific therapies. Uncharted territories
are therapies based on data-driven subtypes and biomarker-
based subtypes.

There has been relatively little formal research on therapies
by subtypes, which must be done to establish an evidence base

to guide treatment recommendations that are tailored to a par-
ticular patient. To be adopted into clinical practice subtyping
must be practical, based on parameters easily measured in
clinical practice and provide an easily applied classification
system. To date, the field of data-driven subtypes has not
emphasized this aspect, which would facilitate translation into
clinical practice, although this is changing. Recently, several
data-driven classifications have been applied on an individual
level [31, 103] but this has yet to be applied to therapy.

The increasing availability of genetic testing will facilitate
the integration of genetically based therapies into clinical
practice. Several large research-based efforts are underway
to offer genotyping to PD patients without exclusions
(NCT04057794 and NCT03866603). As genotype-specific
therapies are developed, genotyping will have to become
more available through health insurers in order to enable the
widespread application of genetically based personalized
medicine. In the future, gene-based profiling of patients may
be more impactful by multiple genetic variants, multiple dis-
ease pathways, and corresponding available therapies for the
individual patient. At present, however, known PD-related
variants are found in a small minority of individuals with
PD. Therefore, genetically determined PD subtypes based on
“monogenic” PD may not apply to a large proportion of pa-
tients with PD. If PD subtypes are to have a greater influence
on therapy, more must be known about the relationship be-
tween the response of individuals to treatments and other
subtype-defining characteristics such as symptoms or demo-
graphic factors. There is much data in existing clinical trial
datasets to provide preliminary data on this issues that can
then be tested prospectively. Such efforts will help to move
the field toward the goal of personalized medicine.

Required Author Forms Disclosure forms provided by the au-
thors are available with the online version of this article.
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