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PARKINSON'S DISEASE

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
that affects millions of people worldwide, significantly impacting
their quality of life. It is the fastest growing neurological disorder.!
Whereas in 1990, 2.5 million people were affected by Pb worldwide,
this number had increased to 6.1 millionin 2016." Projections indicate
that this will further increase to 13-14 million people in 2040.2 This
increase can be attributed to the aging worldwide population but
environmental factors linked to industrialization are expected to
contribute as well.

Early motor symptoms of PD can be subtle and may go unnoticed.
Asthe condition progresses, more pronounced motor signs become
apparent, such as slowness of movement (bradykinesia), tremors,
rigidity, and impaired balance. Before the appearance of these char-
acteristic motor symptoms, patients may have already experienced
non-motor symptoms like hyposmia, sleep disturbance (e.g., rapid
eye movement (REM) sleep behavior disorder (RBD)), depression and
constipation for several years.? Similar to the motor symptoms, the
non-motor symptoms will progress as the disease advances, and
cognitive impairment and autonomic dysfunction will become more
common in the later disease stage.®

The exact cause of PD is unknown, but it is believed to result from
an interplay between genetic, environmental and lifestyle factors.
The two most common geneticrisk factors linked to PD are mutations
in the glucocerebrosidase (GBA1) and the leucine-rich repeat kinase
2 (LRRK2) genes. Ongoing research continues to unveil a growing
number of common and rare genetic variants linked to the disease.
Exposure to pesticides has been linked to a higher likelihood of
developing PD, while smoking, caffeine intake, and physical activity
have been associated with a decreased risk.®

Neuropathologically, PD is characterized by a progressive loss
of dopaminergic neurons in the substantia nigra pars compacta.
At the time of diagnosis, it is estimated that approximately 30%
of the dopaminergic neurons of the substantia nigra and 50-60%
of their axon terminals have degenerated.® This degeneration
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causes striatal dopamine deficiency resulting in the cardinal pPD
motor symptoms. The second pathological hallmark of pD is the
accumulation of alpha-synuclein aggregates in neurons, called
Lewy bodies and Lewy neurites. Under physiological circumstances,
alpha synucleinisthoughtto play a role in synaptic vesicle dynamics,
mitochondrial function and intracellular trafficking. However, upon
its misfolding and aggregation, it becomes neurotoxic. It has been
hypothesized that the initial misfolding and aggregation of alpha-
synuclein may start in the gut enteric nerves and the olfactory
bulb, and from there spread in a prion-like fashion to other areas,
ultimately affecting the dopaminergic neurons in the substantia
nigra.” Despite the importance of nigrostriatal neurodegeneration in
the clinical motor presentation, degeneration is certainly not limited
to dopaminergic neurons, but also affects for example GaBaergic,
glutamatergic, and cholinergic neurons.® The pathophysiological
mechanisms underlying the abovementioned pp hallmarks involve
a complex interplay of alpha-synuclein aggregation and spreading,
mitochondrial dysfunction and oxidative stress, lysosomal
dysfunction, and neuroinflammation.”

To date, no disease-modifying therapies for PD are on the market
yet. Available treatment options are focused on symptom control to
improve the quality of life for patients. This is typically achieved by
either indirectly boosting dopamine levels in the brain or mimicking
dopamine’s effects through medications such as levodopa,
dopamine agonists, catechol-O-methyltransferase (comT) inhibitors,
and monoamine oxidase B (MAO-B) inhibitors. Moreover, some
non-dopaminergic and non-pharmacological treatment options
are available, such as anticholinergics, amantadine, physiotherapy,
occupational therapy, and speech and language therapy.’

SYMPTOM FLUCTUATIONS

A large proportion of patients develop motor complications within
a few years after disease onset and dopaminergic therapy initia-
tion.'®" Complications consist of motor fluctuations and abnormal
involuntary movements (dyskinesias). Motor fluctuations cause the
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patient to alternate between periods of favorable response to med-
ication (ON phase) and periods of inadequate response (OFF phase).
These fluctuations in therapeutic effects can be predictable (e.g.,
end of dose ‘'wearing OFF’) or unpredictable, and do not only involve
fluctuations in motor symptoms but also in non-motor symptoms
like anxiety, panic attacks, mood changes, slowness of thinking, and
pain.'? Fluctuating symptoms impact activities of daily living and
worsen quality of life."13

The development of motor complications results from pre- and
postsynaptic dopaminergic changes, as well as secondary chang-
es to non-dopaminergic systems.' As the disease progresses an
increasing number of dopaminergic nigrostriatal neurons degen-
erate, resulting in reduced endogenous dopamine synthesis,
presynaptic dopamine storage capacity and dopamine release.’
Due to the loss of the presynaptic dopaminergic terminals, there is
a reduced capacity to regulate the fluctuations in plasma levodo-
pa levels.”>'® Moreover, dopamine release is further dysregulated
by serotonergic neurons taking over the function of dopaminergic
neurons in the striatum.' Whereas serotonergic neurons can store
and release dopamine, they do so in an uncontrollable manner since
they lack presynaptic autoreceptors and the ability for dopamine
reuptake.' This leads to unphysiological fluctuations in extracellu-
lar dopamine and hence in unphysiological postsynaptic dopamine
receptor stimulation. Similarly, dopaminergic treatment leads to
non-physiological, pulsatile stimulation of post-synaptic dopamine
receptors.''? This non-physiological stimulation results in post-syn-
aptic changes affecting receptor sensitivity and intracellular signal
processing, ultimately affecting the postsynaptic response to dopa-
mine and the striatal output activity.”'® Lastly, the combined impact of
dopaminergic neurodegeneration and pulsatile receptor stimulation
leads to pathophysiological changes to non-dopaminergic systems,
such as the glutamatergic and serotonergic system.’ Together these
changes result in impaired dopaminergic control leading to ON-OFF
fluctuations and/or dyskinesia.

When a patientis using levodopa but motor complications persist
despite optimized oral levodopa therapy, other treatments can
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be chosen or added. First options are adding oral or transdermal
drugs, like non-ergot dopamine agonists and enzyme inhibitors that
prolong the effect of levodopa, i.e., COMT and MAO-B inhibitors.?°
If dyskinesia is the main problem, then if possible, dopaminergic
medication should be reduced and amantadine or clozapine can
be added.?® If the abovementioned adjustments are insufficient,
advanced device-aided treatments are available, i.e., deep brain
stimulation (DBS), continuous subcutaneous apomorphine infusion
and levodopa-carbidopa intestinal infusion.?'-2 The infusion pump
therapies provide continuous drug administration resulting in fewer
fluctuations in drug plasma levels and hence more continuous
dopaminergic stimulation. However, if a patient has less than five
OFF periods per day, intermittent treatment is often preferred over
a continuous therapy. For relief of these sudden and intermittent
OFF periods, subcutaneous apomorphine injections have long been
the only treatment option. Its onset of action has been reported to
be between 5-15 minutes,?-2¢ with maximum motor improvements
as assessed by part 111 of the Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) after 20-40
minutes.?>?728 Despite its efficacy and fast onset of action, the use of
intermittentinjections is often limited by injection site reactions, pain
and difficulty self-administering the injection during an ofF period.?’
With the FDA approval in 2018 of Inbrija, a breath-actuated inhaler
of levodopa powder, and in 2020 of KYNMOBI, an apomorphine
sublingual film, the treatment options for on-demand therapy
of OFF periods increased.®® Inhalable levodopa and sublingual
apomorphine have an initial onset of effect based on MDS-UPDRS
Il reduction around 10 minutes and 15 minutes respectively, and
show maximum MDS-UPDRS IIl improvements at 30 and 60 minutes
respectively.®’-* Both are considered less invasive treatment options
than subcutaneous apomorphine injections. Unfortunately, only
three years after sublingual apomorphine was introduced to the
market, Sunovion announced its discontinuation in the us and
Canada due to “limited utilization” and “"business reasons”. As of
September 2023, it is no longer available, and hence the treatment
options for OFF periods remain limited.
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APOMORPHINE

The historical use of apomorphine is believed to have its origins
in ancient cultures like that of the Maya civilization and ancient
Egyptians. Depictions in tombs and papyrus scrolls dating back
to 1400 BC portray the Nymphaea caerulea flower. Based on the
drawings, it seems these civilizations used Nymphaea plants in
religious-magical ceremonies, likely because of their aphrodisiac
and hallucinogenic properties, as well as in purifying rituals
because of their emetic effects. We now know that the bulbs
and roots of this water lily species contains various aporphins,
including apomorphine.®* The synthesis of apomorphine did
not occur until 1868 when Matthiessen and Wright produced
apomorphine by heating morphine with concentrated hydrochloric
acid.®® This advanced and intensified the research into the effects
of apomorphine. In 1884, it was suggested by Weil for the first
time that apomorphine might be a potential treatment for pp.%
Nonetheless, it took until 1951 for apomorphine to be administered
to PD patients for the first time by Schwab et al.¥” They demonstrated
that subcutaneous injections had positive effects on PD motor
symptoms, but also resulted in side effects like nausea, vomiting
and hypotension. These peripheral side effects impeded its broader
use. Therefore, the discovery that a peripheral dopamine receptor
antagonist (domperidone) could reduce apomorphine-induced
side effects like nausea, drowsiness, sedation and hypotension, was
a major breakthrough in 1979.3 More years of research followed,
resulting in apomorphine’s first European marketing authorization in
the UK in 1993.%? It was approved for use as subcutaneous intermittent
injections (APO-go) to treat OFF episodes in PD patients. Approval
in other EU countries followed in the subsequent years. In the us,
intermittent subcutaneous apomorphine injections (APOKYN) earned
FDA approval in 2004.%% In the EU, apomorphine is also available as a
continuous subcutaneous infusion via a percutaneous pump. Again,
this formulation received its first marketing approval in the uk in 2004
and was approved in other EU countries in the following years.*' This
formulation is currently not (yet) authorized by the FDA. The FDA
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did authorize the use of apomorphine sublingual film (kYNmMOBI) in
2020.3° Unfortunately, the drug was discontinued about three years
later due to “limited utilization”.

Apomorphine is a potent broad spectrum dopamine agonist,
activating both D1-like (D1, D5) and D2-like (D2, D3, D4) receptor
subtypes.* Moreover, based on in vitro studies, it was demonstrated
to have modest agonistic activity at 5-HTjs receptors, and acts as
an antagonist at a2-adrenergic, 5-HT,x and 5-HT,c receptors. 344
The potential influence of apomorphine on the adrenergic
system has not yet been well explored.*® As for the serotonergic
system, apomorphine might have a lower tendency to induce
visual hallucinations compared to other dopamine agonists due
to its 5-HToa antagonism.*® Apomorphine’s molecular formula is
Cy7H17NO2 and it has a molecular weight of 267.32 g/mol.** In clinical
practice, apomorphine is used as its hydrochloride salt. It is a chiral
molecule, meaning it exists in two distinct mirror-image forms called
R- and S-enantiomers. The R-enantiomer is the biologically active
form responsible for its pharmacological effects.*® Therefore, the
R-enantiomer is utilized in clinical practice.”” In vivo, there is no
interconversion to the S-form.*® Apomorphine's polycyclic structure
makes it highly lipophilic, allowing apomorphine to easily cross
the blood-brain barrier. Its ortho-catechol group has less favorable
effects since it renders apomorphine sensitive to oxidation, making
it unstable in aqueous solutions. Exposure to light and air triggers
this spontaneous oxidation, turning apomorphine solutions green.
Apomorphine oxidation results in a loss of pharmacological activity
and the formation of quinones and reactive oxygen species.®
These molecules can be cytotoxic due to the induction of oxidative
stress and damage to lipids, proteins, and DNA.%*% Therefore,
antioxidants like sodium bisulfite and L-ascorbic acid are often part
of apomorphine formulations to enhance apomorphine’s stability in
solution. Moreover, it is protected from light.*°

Apomorphine has a poor oral bioavailability (<4%) due to its near-
ly complete first-pass hepatic metabolism.> Hence, apomorphine
formulations are administered subcutaneously or sublingually (recent-
ly discontinued), thereby effectively bypassing the first-pass effect.
The bioavailability of subcutaneous apomorphine is approximately
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100%,°#5% and the relative bioavailability of sublingual to subcutaneous
apomorphine is 17.2(13.7-21.6)%.% For subcutaneous and sublingual
apomorphine, median time to reach maximum plasma concentrations
(Tmax) varies across studies, but usually ranges between 15-23 and
38-51 minutes respectively.>*% Maximum concentrations in cerebro-
spinal fluid lag approximately 10-20 minutes behind, and correlate
with the onset of clinical effect.”” Apomorphine is rapidly cleared from
the body with a terminal elimination half-life (T1;) ranging between
30-60 minutes.*® This rapid clearance results in a short duration of
effect, making apomorphine a suitable rescue medication that can
be used in addition to standard Pb medication.

Since apomorphine’s pharmacokinetics (Pk) and pharmacody-
namics are subject to high interindividual variability, individual dose
titration under medical supervision is required.”” Alow dose is given
initially (usually 1 or 2 mg for subcutaneous apomorphine,*¢° and 10
mg for sublingual apomorphine), and increased until the ‘'optimal’
dose is found. The ‘optimal’ dose is considered the dose with the
shortest latency to effect and the longest effect duration while min-
imizing side effects. While the optimal dose differs for each patient,
most patients require 3 mg apomorphine when given as a subcuta-
neous administration.®’ During dose titration, special focus should
be on blood pressure (supine and standing) and ECGs to moni-
tor for potential (orthostatic) hypotension and QT prolongation,
respectively. Apomorphine, especially at high doses, may induce
QT prolongation.*® This risk is increased with the concomitant use of
domperidone, which is often co-prescribed to prevent the peripher-
al side effects of apomorphine. Therefore, monitoring the QT interval
prior to domperidone initiation and during apomorphine treatment
initiation is recommended, and as clinically indicated thereafter.¢0¢2
Especially in patients that are at risk for torsades de pointes arrhyth-
mia. Other commonly reported side effects are nausea, vomiting,
yawning, drowsiness, somnolence, dizziness, and dyskinesia.>?¢02
Also local side effects should be monitored, i.e., injection site reac-
tions (subcutaneous apomorphine) or oropharyngeal side effects
(sublingual apomorphine).

With the recent discontinuation of sublingual apomorphine
(KYNMOBI), subcutaneous apomorphine remains the only available
apomorphine administration route for the treatment of OFF episodes.
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The need for a less invasive and therefore more user-friendly treat-
ment option remains high. Over the years, other administration routes
have been investigated, such as transdermal, intranasal, rectal and
inhaled routes. Initial studies investigating transdermal delivery of
apomorphine were hampered by poor/absent bioavailability.®**
However, a study in 2004 showed relevant plasma concentrations
could be reached when an apomorphine microemulsion was admin-
istered.®® Single administration of this microemulsion often caused
local erythema (71.4%) and its PK (Tmax 5.1 hours; T1; 10.8 hours) was
unfavorable for use as a treatment of acute OFF episodes. It might be
suitable as an add on sustained-release formulation for e.g., nocturnal
fluctuations. To date, no further PD patient studies using transder-
mal apomorphine have advanced in clinical development. Intranasal
administration, although fast and efficacious,®”" resulted in local side
effects like nasal irritation, nasal congestion, vestibulitis and nasal
crusting.*”¢%7" Hence, it is no longer in development. In the 1990's,
three studies investigated rectal apomorphine delivery.”274 While this
route demonstrated clinical efficacy, its further development was halt-
ed, likely due to difficulty self-administering apomorphine rectally
during an OFF episode, as well asits longer latency to effect compared
to subcutaneous delivery. Inhalation of apomorphine dry powder
(VRO40) has been investigated in three studies published in 2013. It
showed favorable Pk with maximum plasma concentrations between
1-7 minutes post-dose,”>’¢ and a mean latency to an ON state of 8 and
10 minutes reported in two studies.”*”” No local side effects or effects
on lung function were reported. The observed side effects were limit-
edto dopaminergic side effects, consistent with those seen with other
apomorphine formulations.”>”” Despite these positive outcomes, no
further studies on this dry powder apomorphine formulation have
been reported.

Apomorphine is currently underutilized,”® likely because the
subcutaneous injection has several impracticalities like the need
to inject oneself while being oFF, whereas also the occurrence of
injection site reactions and fear for needles may play a role. The
sublingual apomorphine film that was available between 2020
and 2023 in the us and Canada often caused oropharyngeal side
effects and had a later Tmax than subcutaneous apomorphine.5
Furthermore, the administration of subcutaneous injections and
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the handling of the sublingual film requires good finger dexterity
and muscle coordination that is often impaired in patients with
PD.”” Therefore, there is a need for a non-invasive and easy to
administer apomorphine formulation. In this thesis, we focus on
two new apomorphine formulations for the management of acute
OFF episodes. In chapter 2 and 3, we will evaluate Az-009, which
is a breath-actuated, oral inhalation device using the Staccato
technology.®98! This technology was already previously approved
by the FDA and EMA for the administration of loxapine.®2%. A single
breath through the device leads to rapid heating (<0.5 second)
of a metal substrate coated with a thin film of excipient-free
apomorphine. As a result pure drug vapor is formed that rapidly
cools and condenses into aerosol particles appropriate for deep
lung delivery and subsequent systemic exposure. Consequently,
AZ-009 has the potential to induce a quick transition from oFF
to ON, potentially even faster than subcutaneous apomorphine.
In chapter 4, we describe a study that evaluated APORON, an
oromucosal solution that is administered to the buccal area using a
dispenser. Since apomorphine is dissolved in a solution (as opposed
to the sublingual film), it is hypothesized to have a reduced risk
of apomorphine particles lingering in the oropharyngeal space
for a prolonged time after dosing. The dose that is not buccally
absorbed is anticipated to be swallowed with the saliva and become
subject to first-pass metabolism. This would minimize the chance
of apomorphine degradation into reactive oxygen species in the
oropharyngeal space, thereby reducing toxicity.

SHOWING ACUTE DOPAMINERGIC
MEDICATION EFFECTS IN CLINICAL TRIALS

To evaluate whether a drug is suitable as a rescue medication for
managing acute OFF episodes, it should not only be efficacious, but
also have a rapid onset of action. Its onset, as reflected by Tmax, should
be faster than the standard PD medication like levodopa/carbidopa
immediate release tablets, which has a reported median Tmax in
advanced PD patients of 1.25 to 1.5 hours after repeat dosing.%8¢
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The Movement Disorder Society-Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) can be seen as the gold standard for evaluating
various aspects of Parkinson’s disease, and is often used in clinical
trials to show medication effects. The scale is composed of four
parts.8” Part | assesses the non-motor impact on experiences of
daily living, e.g., the effect of cognitive impairment, mood and
sleep disturbances, pain, urinary and gastrointestinal problems, and
orthostatic hypotension on daily living. Part 11 assesses the motor
impact on experiences of daily living, e.g., the effect of problems with
speech, swallowing/chewing, dressing, writing and other mobility
problems on daily living. Part 111 is a motor examination performed by
atrained rater assessing speech, facial expression, rigidity, finger/toe
tapping, hand movements, gait, balance, posture, bradykinesia, and
tremor. Part 1v investigates the presence and functional impact of
motor complications, i.e., dyskinesia, motor fluctuations and painful
OFF state dystonia. Especially part i1l of the MDS-UPDRS is often used
in clinical trials to show motor improvements after (dopaminergic)
medication intake.?'328 However, part 111 requires a trained rater
who preferably assesses a patient throughout the entire trial to avoid
inter-rater variability. Additionally, the assessment takes relatively
long (approximately 15 minutes, dependent on the patient’s clinical
state). This makes accurate time-response assessment of fast-acting
agents challenging, especially when safety and pharmacokinetic
measurements also need to be performed. Hence, a short, rater-
independent and quantitative measurement would be ideal for use
in clinical trials.

As technology continues to advance, we are increasingly capable
of objectively and quantitatively measuring core PD motor symptoms
like tremor, bradykinesia, gait disturbances and dyskinesia. These
symptoms and their severity can be assessed using wearable sensors
such as accelerometers, gyroscopes and inertial measurement units;
with tests on tablets and mobile phones; and by using video-based
movement analysis.®’ The recent advances in wearable sensors and
smart devices make at-home monitoring of PD symptoms possible.
At-home monitoring can be useful to monitor a patient’'s symptom
severity over time to facilitate medication adjustments, or to
evaluate whether a disease-modifying drug can slow down disease
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progression. The focus of this thesis, however, is on demonstrating
acute (dopaminergic) medication effects. For that, we evaluated
three different finger tapping tasks while patients were confined
to the clinical research unit. Finger tapping tasks are well suited for
the evaluation of bradykinesia, which is one of the cardinal features
of PD and defined as ‘slowness of initiation of voluntary movement
with progressive reduction in speed and amplitude of repetitive
actions"’® Bradykinesia, unlike tremor, usually responds well to
dopaminergic treatment.” While quantification of finger tapping
is not new, the methods available are improving and growing in
numbers, ranging from rudimentary to more sophisticated methods.
Described methods for the assessment of repetitive index finger
tapping or alternate index-middle finger tapping include the use
of arcade buttons,”” computer keyboards,”?? keyboards with a
musical instrument digital interface,”® and touchscreen devices
(smartphones, tablets).?*%71.%> An advantage of touchscreen
devices is that the precise location (x, y coordinates) of each tap
can be registered and hence tapping accuracy can be quantified
precisely. Despite the abundance of available methods, there is a
lack of standardization in task configurations. Differences between
tasks include the finger(s) used for tapping (e.g., index finger
tapping, or alternate index-middle finger tapping), the distance
between targets (if applicable), the test duration, and whether it is
given with or without a (visual) cue. Thumb-index finger tapping is
part of the MDS-UPDRS 111 (item 3.4) and includes the evaluation of
tapping rhythm, slowing of movement and tapping amplitude. These
various aspects result in a combined score between 0 and 4 points.
Methods for the quantification of thumb-index finger tapping are
also available such as video-based motion-analysis systems,?*?” and
sensors like accelerometers,” gyropscopes,?” magnetic sensors,'®
or combinations of these sensors known as inertial measurement
units.'®" Electronic goniometers are angular sensors and can quantify
joint movement when the end blocks of the goniometer are placed
on either side of the center of the joint. It has been shown useful for
this purpose in measuring for example the flexion and extension of
the index finger, wrist and elbow.'" To the best of our knowledge,
an electrogoniometer has never been used to quantify thumb-index
finger tapping in PD patients.
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Literature has shown that finger tapping tasks can differentiate
between healthy controls and PD patients?2'%-1"0 and between
medication states (ON/OFF).74105.107.109-113 However, the set-up
and devices used for these tapping tasks vary among studies,
and it is unclear which is most suitable for the determination
of (dopaminergic) medication effects in randomized placebo-
controlled trials. Therefore, in this thesis we evaluate different
tapping tasks alongside the gold standard MDs-UPDRS 111.In chapter
5, we describe a study that evaluated the within- and between-
day repeatability of touchscreen-based tapping tasks in different
configurations in healthy volunteers. Configurations included
alternate index and middle finger tapping with 2.5 cm between
targets and repetitive alternate index finger tapping with 20 cm
between targets. Both of these tasks were tested with and without
a visual cue. In chapter 6, we describe a randomized, double-blind,
placebo-controlled crossover study in PD patients to assess the
ability of three different finger tapping tasks to detect dopaminergic
medication effects. Moreover, we evaluated whether finger tapping
outcomes correlate with the gold standard mMDs-uPDRS 1iI. The
tapping tasks being compared include the two uncued touchscreen
tasks described in chapter 5 and a thumb-index finger tapping
task using an electronic goniometer. In chapter 7, the data from
the clinical study in chapter 6 were used to train machine learning
algorithms to select the optimal combination of finger tapping task
features (‘composite biomarker’) to predict treatment effect (i.e., did
the patient receive active or placebo treatment?) and estimate the
disease severity (i.e., MDS-UPDRS Il score).

Summarizing, this thesis investigates two novel apomorphine
formulations for the acute treatment of OFF episodes, aiming
to provide a more user-friendly alternative than the currently
available subcutaneous injections. Moreover, we evaluated the
usefulness of different finger tapping tasks as quick and quantitative
pharmacodynamic measures for assessing the efficacy of fast-acting
dopaminergic compounds. With the results described in this thesis,
we hope to improve the quality of early phase clinical trials with novel
fast-acting apomorphine formulations, ultimately resulting in better
symptomatic treatment of pD.
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ABSTRACT

Background Inhalation of apomorphine could be a faster-acting
and more user-friendly alternative to subcutaneous injection for
treating OFF periods in PD.

Objectives To compare the safety and pharmacokinetics of
inhaled apomorphine (Az-009) with subcutaneous apomorphine
(APO-go PEN) in healthy volunteers, and to examine the safety,
pharmacokinetics, and efficacy of Az-009 in PD patients.

Methods In part A of this study, 8 healthy volunteers received 1 mg
AZ-009 and 2 mg subcutaneous apomorphine in a randomized
crossover manner. In the subsequent single ascending dose parts
in healthy volunteers (part B, n=16) and PD patients (part C, n=25),
participants were randomized to placebo or Az-009 up to 4 mg. In
patients, after medication withdrawal, MDS-UPDRS 11l and ON/OFF
states were assessed pre- and post-dose.

Results Az-009 was rapidly absorbed with peak plasma
concentrations at 2 minutes, as compared to 30 minutes for
subcutaneous apomorphine. Adverse events for Az-009
were comparable to subcutaneous apomorphine, except for
mild and transient throat irritation. Adverse events limited
AZ-009 dose escalation in healthy volunteers to 3 mg. Patients
tolerated up to 4 mg. In PD patients, 2, 3, and 4 mg Az-009
reduced mean MDS-UPDRS Il score (standard deviation)
by 10.7 (13.6), 12.8 (7.9) and 10.3 (3.7) points respectively,
compared to 4.8 (4.9) after placebo at 10 minutes post-dose. The
percentage of patients achieving full on within 45 minutes post-dose
increased dose-dependently: 0% (placebo), 177% (2 mg), 50% (3 mg),
83% (4 mg).

Conclusions Az-009 appears to be a rapid-acting and reasonably
well-tolerated formulation for treating OFF periods.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disor-
der affecting movement, cognition, emotion, and autonomic activity.
PD patients are usually treated with dopaminergic drugs such as
levodopa and/or a direct-acting dopamine agonist. Initial therapy
is selected based upon a number of criteria including patient age,
comorbid conditions, disease severity and degree of functional
disability."* However, most patients eventually require levodopa
therapy and a large proportion of patients develop motor compli-
cations within a few years of starting its use.** Complications consist
of predictable end of dose OFF episodes (‘wearing OoFF’), prolonged
latency to on, inability to turn on, sudden on/OFF fluctuations and/or
dyskinesia. These fluctuations in therapeutic effects can be predict-
able or unpredictable and do not only involve fluctuations in motor
symptoms but also in non-motor symptoms such as anxiety/panic
attacks, mood changes, slow thinking, and pain.’

Anumber of strategies have been investigated to increase On time
while reducing disabling oFF time, e.g., dosing more often with a lower
levodopa dose, adding dopamine agonists, giving catechol-O-meth-
yltransferase or monoamine oxidase B inhibitors, administering
controlled- or sustained-release drug formulations, or following a
protein redistribution diet.2®? However, despite optimal oral thera-
py, patients often continue to experience OFF periods that severely
compromise quality of life and daily activities.'® Subcutaneous apo-
morphine provides rapid and effective relief from such oFF periods
and has beenindicated for use in advanced PD for approximately two
decades. Often reported side effects include injection site reactions,
hallucinations, sedation, somnolence, dizziness, yawning, nausea
and vomiting. In addition, there is an increased risk of orthostatic
hypotension in the elderly population especially during initiation of
therapy." To diminish the risk of nausea, vomiting, and (orthostatic)
hypotension, patients are usually pretreated with domperidone or
another antiemetic for at least 2 days prior to initiation of apomor-
phine.”"® Although the subcutaneous formulation of apomorphine
is efficacious, it has disadvantages such as difficulty self-administering
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a subcutaneous injection while oFF and a high incidence of injection
site reactions.' A more user-friendly formulation would allow for a
broader use of apomorphine. This unmet medical need is recognized
by the medical community, and research has been focused on finding
more suitable formulations.’*'® Recently, sublingual apomorphine has
been approved by the FDA, providing a more user-friendly formu-
lation, albeit still requiring a film strip under the tongue for up to 3
minutes.' Itis expected thatapomorphine inhalation will not only be
more user-friendly, but also result in an even faster action.

AZ-009, also called Staccato® apomorphine, is a single-use,
disposable, breath-actuated drug-device combination product
for oral inhalation. It has been developed to deliver apomorphine
hydrochloride as a thermally generated, condensation aerosol to
the deep lung for rapid systemic exposure. We performed a 3-part
phase 1 trial to evaluate the pharmacokinetics (Pk) of Az-009 and
compare it with a registered subcutaneous apomorphine injection
(part A), and to study the safety and Pk of single ascending doses
of Az-009 in healthy volunteers (HVs) (part B) and PD patients (part
C). The last study part also evaluated Az-009's efficacy during an
induced morning OFF state.

METHODS

The study was conducted in accordance with European Medicines
Agency guidelines for Good Clinical Practice and registered in
ClinicalTrials.gov (NCT03822364). The protocol was approved by
the Independent Ethics Committee of Foundation Beoordeling
Ethiek Biomedisch Onderzoek. Prior to any study-related activity,
all participants provided written informed consent. The study was
conducted atthe Centre for Human Drug Research between October
2018 and May 2019.

Study design

This study was divided into three parts: part A, B and C. Refer to
Supplemental Figure 1 for a schematic overview of the study designs.
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The randomization code was generated separately for each part
using SAS version 9.4 by a study-independent CHDR statistician. No
formal sample size calculations were performed. Part A of the study
was a randomized, open-label crossover study assessing single
doses of Az-009 (1 mg) and subcutaneous apomorphine (2 mg) in 8
HVs. The washout between the two study periods was at least three
days (apomorphine half-life is approximately 30-50 minutes)."”"'8
Safety data were examined during a dose level evaluation meeting
before proceeding to study part B. Part B was a randomized, double-
blind, placebo-controlled, single-ascending dose study of Az-009
with planned doses of 2, 3, and 4 mg in HVs. The 4 mg cohort
was cancelled due to incidence of adverse events (AEs) in the 3
mg cohort. Each cohort was composed of 8 HVs of which 6 were
randomized to receive active treatment and 2 to receive placebo.
Before advancing to the next cohort, safety data were evaluated.
Part C had the same study design as part B, but was performed in
PD patients after overnight anti-Parkinson medication withdrawal.
Patients were dosed the next morning only when they were in an OFF
state as assessed by a physician.
The study consisted of:
- ascreening visit;

at-home pretreatment with an antiemetic (domperidone)

three times daily (TID);

a single stay of 7, 3, or 2 days (part A, B and C respectively)

atthe clinical research unit;

and a follow-up telephone call.
In part A, participants received 10 mg domperidone TID from 3 days
prior to dosing until after last dose. In part B, domperidone dose was
increased to 20 mg on the evening and morning prior to dosing. At
other time points domperidone intake remained 10 mg as in part A.
In part C, participants received 20 mg domperidone TiD from 2 days
prior to dosing until after dosing.

Participants

In study parts A and B, healthy non-smoking men and women aged
18-60 years with a body mass index of 18-32 kg/m? were eligible
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to participate. In study part C, non-smoking PD patients with
recognizable oFF periods aged 30-85 years with Hoehn and Yahr
stage I1-1v were eligible for participation. Patients were excluded if
their systolic blood pressure (BP) was below 100 mmHg at screening
or baseline, they had symptomatic clinically relevant and medically
uncontrolled orthostatic hypotension, or a history of long QT
syndrome and/or a QTcF of >470 ms (male) or >480 ms (female).

Investigational drugs

AZ-009 was available intwo dose strengths (1and 2 mgapomorphine
hydrochloride). A dose of 3 mg was delivered by 3 consecutive oral
inhalations of 1 mg, and a dose of 4 mg by 2 consecutive inhalations
of 2 mg. Matching Staccato placebo (including number of devices
inhaled)wasidentical to Az-009, but without a coated apomorphine
film. Az-009 and matching placebo were manufactured by Alexza
Pharmaceuticals, Inc. Participants were instructed to inhale through
the mouthpiece with a steady deep breath and to hold their breath
for aslong as possible, up to 10 seconds.

Inhalation through the productinitiates the controlled rapid heat-
ing of a thin film of excipient-free apomorphine to form a thermally
generated drug vapor. The vapor condenses into aerosol particles
with a particle size distribution appropriate for efficient delivery to
the deep lung, i.e., with a mass median aerodynamic diameter in the
range of 0.5to0 3.5 um.

In study part A, apomorphine was also administered subcutane-
ously withthe APO-go PEN. APO-go was provided as the commercially
available product with the appropriate country-specific labeling by
the Leiden University Medical Centre pharmacy. A volume of 0.2 mL
(2 mg) was injected in the thigh.

Safety

For all study parts, a medical screening was performed to assess
eligibility based on medical history, concomitant medications, ECG,
vital signs, routine hematology, chemistry and urinalysis, and physical
examination. Electrolytes and QTcF were assessed at screening (prior
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to domperidone initiation) and again at baseline (after domperidone
initiation and prior to apomorphine administration). During the
study, safety was evaluated by monitoring of AEs (classified by
Medical Dictionary for Regulatory Activities (MedDRA) version 20.1),
vital signs, ECGs, physical examination, and clinical laboratory tests.
Orthostatic hypotension was defined as a systolic BP drop of =20
mmHg or a diastolic BP drop =10 mmHg upon standing. Postural
dizziness was defined as dizziness upon standing that was not
accompanied by a drop in BP (at the scheduled measurement time)
as defined for orthostatic hypotension.

Pharmacokinetics

Blood samples for Pk analysis were obtained pre-dose and 1, 2, 5,10,
20, 30, and 45 minutes, and 1, 2, 4, 8 and 24 hours post-dose in parts
A/B. In part C, samples were obtained pre-dose and 2, 5, 15, 30, and
45 minutes, and 1, 1.5, 4 and 5 hours post-dose. A lower sampling
frequency and shorter sampling duration were chosen in part C to
allow time for efficacy measurements and to reduce patient burden.
Plasma samples were analyzed for apomorphine using a validated
liquid chromatography-tandem mass spectrometry method.

Plasma concentrations of apomorphine were analyzed using
non-compartmental analysis in Phoenix™ WinNonlin® version
8.1. PK parameters that were calculated include maximum plasma
concentration (Cmax), time to Cmax (Tmax), apparent terminal
elimination half-life (T1,) and area under the plasma concentration-
time curve from zero to infinity (AUCo-inf).

For part A, the comparison of the dose-normalized log-trans-
formed PK parameters Cmax and AUCo.inf for apomorphine across
treatments (1 mg Az-009 inhalation vs. 2 mg subcutaneous apomor-
phine) was performed using an analysis of variance (ANOVA) model
and the two one-sided t-tests procedure. The ANOvA model included
factors for sequence, subject within sequence, treatment, and peri-
od. Point estimates and 90% confidence intervals for the geometric
mean ratios (Az-009/subcutaneous apomorphine) were calculated
for Pk parameters by back transformation to the original scale.
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For parts A-C combined, Cmax and AUCo.inf for apomorphine were
compared across dose levels (1-4 mg) to assess dose proportio-
nality. Statistical analyses were conducted using a power model with
mixed effects."”

Efficacy

Motor function was assessed using part 111 of the licensed Move-
ment Disorder Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS). Physicians administering the scale were trained and
certified in its use. To the degree feasible, the same physician eval-
uated a patient at Day -1 (day before dosing) and Day 1 pre-dose
and 10-, 30- and 60-minutes post-dose. Mean change from base-
line (CFB) MDS-UPDRS Il total score was calculated and presented
graphically.

The disease state of a patient was assessed by a physician pre-
dose and 2, 10, 20 and 45 minutes post-dose. Possible categories
were ON with disabling dyskinesia, on with non-disabling dyskinesia,
oN with no dyskinesia and normal motor function, partial on and
OFF. The first 3 categories were combined, classified as full on, and
presented graphically as percentage of patients turning full on.

RESULTS

Demographics

See Supplemental Figure 2-4 for coNsORT flow diagrams providing
an overview of number of participants screened, randomized,
completed, and analyzed per study part. Table 1 outlines the
demographics and disposition of all participants enrolled in the
study. Eight HVs completed the comparative Pk study part (part A),
and two cohorts of eight HVs (6 Az-009: 2 placebo) completed the
single ascending dose study part (part B). Demographics of HVs in
part A and B were comparable, only the median age was higher in
part A compared to part B (40 and 26 years, respectively). In part C
of the study, a total of 25 PD patients were included, divided over
three cohorts receiving 2, 3, or 4 mg Az-009, or placebo in a 6:2
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ratio. The 2 mg Az-009 group contained one additional patient due
to areplacementin cohort1(see Supplemental Figure 4). The age of
PD patients was higher than that of HVs. All groups contained males
and females, except for the placebo group, which was composed of
males only.

Pharmacokinetics

PART A: COMPARATIVE PK IN HVS

Apomorphine was rapidly absorbed into the systemic circulation
following administration of Az-009 and subcutaneous apomorphine
in HVs (Figure 1). Descriptive statistics of the Pk parameters are
summarized in Supplemental Table 1. AzZ-009 inhalation resulted
in peak plasma apomorphine concentrations (Cmax) 1-2 min after
dosing and showed a bi-exponential elimination phase. In contrast,
apomorphine concentrations after subcutaneous apomorphine
injection increased over time with a median Tmax of 30 minutes. When
normalized for dose, the Cmax and AUCo.inf geometric mean ratios
(90% confidence interval) of Az-009/subcutaneous apomorphine
were 2.9 (1.6-5.4) and 0.8 (0.5-1.2) respectively. Mean apomorphine
Ty, + standard deviation (sb) of Az-009 was shorter (39 = 7 min)
than that of subcutaneous apomorphine (55 = 22 min). Inter-subject
variability (cv%) in apomorphine Cmax and AUCo.inf was higher for
AZ-009 (53.7% and 47.2%) than for subcutaneous apomorphine
(36.4% and 22.7%).

PARTS B AND C: SINGLE ASCENDING DOSES IN HVS AND PD PATIENTS

Az-009 was rapidly systemically absorbed in HVs (Figure 2a), as well
as in PD patients (Figure 2B). Median Tmax in HVs was similar as in
part A, i.e., 1 minute. The first PK sample in PD patients was taken at
2 minutes post-dose. Median Tmax in PD patients was 2 or 3 minutes
depending on the dose group (Supplemental Table 2). Cmax and
AUCo.infafter2and 3mgAz-009 were similar for HVs and PD patients.
Ty, in both HVs and pD patients was similar as was reported for 1 mg
AZ-009 in part A. In PD patients, AUCo.inf increased from 2 to 3 mg,
but not from 3 to 4 mg, i.e., mean (SD) AUCo.inf Was 5.1(1.5), 12.6 (4.5)
and 11.3(5.1) h-ng/mL for 2,3 and 4 mg Az-009 respectively.
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Dose proportionality was assessed on the combined data of part
A-C. The estimated exponent (90% confidence interval) was 0.57
(0.15-1.00) for the Cmax and 0.77 (0.41-1.13) for the AUCo.inf.

Safety and tolerability

The incidence of moderate AEs was 62.5% after Az-009 and 100%
after subcutaneous apomorphine treatment (Table 2). The most
frequently reported TEAEs were nausea and presyncope (despite
pretreatment with 10 mg domperidone TID), and somnolence and
headache. Participants who received subcutaneous apomorphine
reported the first AEs around 20 minutes post-dose, whereas for
AZ-009 this was after 2-3 minutes (data not shown).

In part B, the domperidone dose was increased to 20 mg on the
evening and morning prior to dosing in HVs. At other time points,
domperidone intake remained 10 mg. A dose of 2 mg Az-009
combined with this higher domperidone dose was better tolerated
than 1 mg Az-009 combined with a lower dose of domperidone
(Table 2). The most frequently reported TEAEs were somnolence
and yawning. The number of TEAEs, and in particular the frequency
of moderate TEAEs, increased from 2 to 3 mg Az-009. Nausea,
orthostatic hypotension, somnolence, and yawning were reported
most often in the 3 mg group. Standing BPs as low as 70/34 mmHg
were measured and 5 out of 6 participants in the 3 mg group needed
to lie down until symptoms subsided. Due to the dose-dependent
increase in incidence of TEAEs, it was decided not to escalate to 4
mg in HVs and to increase the domperidone dose to 20 mg TID from
2 days prior to dosing in part C of the study in PD patients'?'s,

AZ-009 was relatively well tolerated by PD patients at 2, 3, and 4
mg with mostly mild TEAEs (Table 2). The most frequently reported
TEAEsinthe Az-009-treated groups were throatirritation, orthostatic
hypotension, and yawning. Orthostatic hypotension was mostly
asymptomatic and was also reported in the placebo group. Some
patients reported an increase in their PD symptoms in the days after
the overnight Parkinson’s medication withdrawal and dosing with
placebo or Az-009. No increase in incidence and severity of TEAEs
was observed with an increase in dose. Most TEAEs resolved without
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treatment, except for one case of severe hypotension in the 3 mg
group which was treated with ephedrine, and two cases where the
number of Parkinson’s medication doses was increased for several
days after study participation because of increased PD symptoms.
No consistent or clinically relevant QTcF prolongation or clinical
laboratory changes were reported in any of the participants.

Efficacy

PD patients in part C were dosed during an OFF state after overnight
medication withdrawal. All three Az-009-treated dose groups
showed a reduction from baseline in mean MDS-UPDRS part 111 total
score at the first assessment 10 minutes post-dose (Figure 3A). The
mean MDS-UPDRS Ill change from baseline (CFB) with sD at this time
point was -10.7 (13.6) for the 2 mg group, -12.8 (7.9) for the 3 mg
group, -10.3 (3.7) for the 4 mg group, and -4.8 (4.9) for the placebo
group. The effect observed in the Az-009-treated groups started to
decrease at 30 minutes post-dose and further decreased at 1 hour
post-dose to less than half of the maximum effect observed at 10
minutes post-dose. In contrast, the placebo group no longer showed
areduction compared to baseline at 1 hour post-dose.

All patients were assessed by a physician as being in an OFF state
prior to dosing (Figure 3B). None of the placebo-treated patients
achieved a full on response at any of the time points. In contrast, the
first patients converted to a full On as early as 2 minutes after Az-009
dosing. The highest percentage of patients in an ON state occurred
10 minutes post-dose for the 3 mg Az-009 group and 20 minutes
post-dose for the 2 and 4 mg Az-009 groups. The percentage of
patients achieving a full on at any time point within 45 minutes post-
dose increased with dose from 17% (2 mg) to 50% (3 mg) to 83% (4
mg). No patients presented with disabling dyskinesias.

DISCUSSION

Subcutaneous apomorphine injections have long been used by pPD
patients for the treatment of sudden or early morning oFF periods.
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Even though subcutaneous apomorphine is efficacious, it can
be painful and/or difficult to self-administer, and often results in
injection site reactions.”” Moreover, maximal motor improvements
have been shown to occur only after about 20 to 40 minutes
following subcutaneous apomorphine.?®-?2 This formulation of
inhalable apomorphine, Az-009, could provide an easier and faster-
acting formulation for the treatment of OFF periods. This 3-part
study was designed to evaluate the Pk of AZ-009 and compare it
with the subcutaneous injection, and to examine the safety and Pk
of ascending doses of Az-009 in HVs and PD patients. The last study
part also aimed to evaluate Az-009's efficacy in PD patients during
aninduced morning OFF state.

AZ-009 led to rapid systemic exposure with a median Tpax Of
2 minutes based on the combined data of HVs and pD patients. In
contrast, the subcutaneous apomorphine injection resulted in a Tmax
of 30 minutes. AZ-009’s PK profile makes it especially suitable for
fast onset of action which is preferential in the treatment of sudden
OFF periods. Dosing with 1 mg Az-009 resulted in a mean (SD) Cmax
of 14.3(7.7) ng/mL and 2 mg subcutaneous apomorphine in 8.6 (3.1)
ng/mL. A difference in total exposure (AUCo.inf) between inhalable
and subcutaneous apomorphine could not be confirmed due to the
relatively high variability and small sample size. Similarly, no definitive
conclusions could be drawn on dose proportionality. Future larger
trials will need to be conducted to gain more information on this.

Despite comparable Pk, Az-009 resulted in a less favorable safety
profile in HVs than in PD patients. This was not unexpected since PD
patients are likely to have developed tolerance because of daily
dopaminergic medication use. Also, PD patients were administered
a higher domperidone dose compared to HVs. The most frequently
reported AEs in PD patients were throat irritation, orthostatic
hypotension, and yawning. Throat irritation occurred immediately
after dosing and usually resolved within minutes. Orthostatic
hypotension was mostly asymptomatic and was observed in
the placebo group as well. This can likely be partly explained by
autonomic dysregulation in PD.

One PD patient receiving 3 mg Az-009 presented with severe
hypotension shortly after dosing that was treated with ephedrine.
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Hypotensionis a known side effect of apomorphine'??® and moderate
hypotension was also reported by one healthy volunteer receiving 2
mg subcutaneous apomorphine in study part A. All participants that
presented with reduced blood pressure spontaneously recovered
after lying down or lying in Trendelenburg position. However, in the
context of patient comfort, ephedrine was more readily administered
during the patient part of the study. Moreover, Az-009 gives higher
peak apomorphine concentrations than subcutaneous apomorphine
and this patient was immediately given 3 mg Az-009. In clinical
practice, subcutaneous apomorphine is initiated under medical
supervision at 2 mg and titrated up to a dose that is both tolerable
and effective. The same should be done with Az-009 when used in
clinical practice. For some patients, AzZ-009 might not be tolerable
at effective doses, asis now also the case for some patients receiving
subcutaneous injections.

During this trial a prototype of the inhalation device was used.
Of 25 PD patients, 23 (92.0%) indicated they liked how the drug was
delivered. Whether they also found the device easy to use could not
be adequately evaluated due to the prototype being used. Future
trials should therefore focus on ease of use of the commercial device
in PD patients.

Treatment with 2, 3 and 4 mg Az-009 showed promise in
controlling morning OFF periods in PD patients after overnight
medication withdrawal. At 10 minutes post-dose, all three Az-009
dose groups showed a clear reduction (10.3-12.8 points) from
baseline in mean MDS-UPDRS Il score that was greater than for
placebo (4.8 points). These reductions were larger than 3.25
points, which has been described as the minimal, but clinically
relevant improvement.?* Moreover, the difference in MDS-UPDRS 111
response between placebo and apomorphine was comparable to
that reported in another apomorphine inhalation study (8.4 points
(95% confidence interval: 1.2-15.5)).2° MDS-UPDRS 11l improvement
did not seem to correlate with Az-009 dose. This is likely the result
of inter-patient variability in exposure and MDS-UPDRS Il response.
From literature, it was already known that the minimally effective
apomorphine concentration differs widely between patients,?
and that the degree of response is (partly) dependent on disease
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severity.?” The fast onset of action and relatively short duration of
action would make this formulation ideal for patients suffering from
sudden and unpredictable oFF periods or from delayed on. Findings
on the MDS-UPDRS 11l were supported by the physician’s ON/OFF
state assessment. Whereas none of the placebo patients achieved
a full on response, the Az-009-treated patients dose-dependently
converted from OFF to full on. For future studies, assessing ON/OFF
states after 45 minutes is advised to determine duration of clinical
effect. Since patients were randomized to their AZ-009 dose, it is
likely that they did not reach their maximum possible improvement.
In clinical practice, the dose of apomorphine is titrated to reach a
dose with optimal efficacy and minimal side effects. Whereas this
study demonstrates a beneficial effect of Az-009 over placebo,
future studies should further investigate the efficacy of Az-009 at
the patient’s optimal dose.

Taken together, Az-009 isreasonably well tolerated by PD patients
pretreated with domperidone. Az-009 is rapidly absorbed into the
systemic circulation and can provide rapid relief from early morning
OFF periods.
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TABLE 1 Demographics of participants in study parts Ato C.

PART A PART B
Demographicvariables All participants All participants 2mgAz-009 3mgAz-009 Placebo
for healthy volunteers (N=8) (N=16) (N=6) (N=6) (N=4)
Age (years)
Median (range) 40 26 29 24 40
(19-58) (19-60) (21-39) (21-60) (19-58)
BMI (kg/m?)
Median (range) 25 24 24 24 26
(20-31) (19-30) (19-28) (21-27) (24-30)
Sex (n/n (%/%))
Female/Male 5/3 12/4 5/1 5/1 2/2
(62.5/37.5) (75.0/25.0) (83.3/16.7) (83.3/16.7) (50.0/50.0)
Race (n (%))
Asian 0(0) 2(12.5) 1(16.7) 1(16.7) 0(0)
Mixed 2(25.0) 2(12.5) 2(33.3) 0(0) 0(0)
White 6(75.0) 12(75.0) 3(50.0) 5(83.3) 4(100.0)
PART C
Demographicvariables All participants 2mgAz-009 3mgAz-009 4mgAz-009 Placebo
for patients with PD (N=24)2 (N=6)2 (N=6) (N=6) (N=6)
(N=25)P (N=7)P
Age (years)
Median (range) 62 63 55 67 58
(44-83) (58-75) (53-67) (56-71) (44-83)
BMI (kg/m?)
Median (range) 25(20-31) 27 (20-30)° 26 24 24
25(20-32)° 27 (20-32)» (22-29) (22-27) (22-31)
Sex (n/n (%/%))
Female/Male 717 3/3 1/5 3/3 0/6
(29.2/70.8) (50.0/50.0)¢ (16.7/83.3) (50.0/50.0) (0/100.0)
7/18 3/4
(28.0/72.0)° (42.9/57.1)°
Race (n (%))
Othere 1(4.22,4.0°) 0(0) 1(16.7) 0(0) 0(0)
White 23(95.8) 6(100.0) 5 6 6
24(96.0)° 7(100.0)° (83.3) (100.0) (100.0)
MMSE
Median (range) 29(25-30) 30(27-30) 29(27-30) 30(25-30) 29(26-30)
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1(16.7)

0(0) 1(16.7)

2(8.3)

Stage 4

30(15-38) 36(19-73) 30(22-50) 32(13-76)

MDS-UPDRS 11l total score at Day -1 (when using regular medication)
33(13-76)

Median (range)

Concomitant PD medication (n (%))

6(100.0) 6(100.0) 6(100.0) 5(83.3)

23(95.8)

Levodopa-containing

agents
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5(83.3) 5(83.3) 2(33.3) 4(66.7)

16(66.7)

Dopamine agonists

2(33.3) 0(0)

2(33.3)

3(50.0)

7(29.2)

COMT inhibitors
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In part C, when the pharmacodynamics population differed from the pharmacokinetics/safety population in age,

BMI, sex, and/or race, information is provided for both; remaining variables are presented for the pharmacodynamics

population only.

a. Information given for pharmacodynamics analysis population. / b. Information given for pharmacokinetics and safety

analysis population. / c. North African.
BMI, body mass index; MMSE, Mini Mental State Examination; MDS-UPDRS, Movement Disorder Society-Unified

Parkinson’s Disease Rating Scale; PD, Parkinson’s disease, COMT, catechol-O-methyltransferase; MAO-B, monoamine

oxidase B.
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FIGURE 1 Mean (standard deviation) apomorphine concentration time profiles after
single-dose administrations of 1 mg Az-009 and 2 mg subcutaneous (sc) apomorphine on
semilogarithmic scale to healthy volunteers up to 8 hours (A) and 1 hour (B) postdose.
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FIGURE 2 Mean (standard deviation) apomorphine concentration time profiles after single-
dose administrations of 2 or 3 mg Az-009 to healthy volunteers (part B) (A) and 2, 3, or 4 mg
AZ-009 to patients with Pp (part C) (B) on a semilogarithmic scale.
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FIGURE 3 Mean change from baseline (cFB) Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDs-UPDRS) part 111 total score with standard deviation (A) and
percentage (%) of patients achieving a full on response (B) after the indicated treatment in
patients with pp during an induced OFF state.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTAL TABLE 1 Pharmacokinetic parameters of apomorphine after single-dose
administrations of 1 mg Az-009 inhalation and 2 mg subcutaneous injection to healthy
volunteers.

2 mg sc apomorphine 1mgAz-009
(N=8) (N=8)
Tmax (min)
Median (range) 30(20-60) 1(1-2)
Cmax (ng/mL)
Mean (sD) 8.6(3.1) 14.3(7.7)
Median (range) 6.8(5.2-12.9) 14.5(3.7-23.7)
AUCo-inf(h-ng/ml)
Mean (sD) 11.4(2.6) 4.9(2.3)
Median (range) 11.8(7.6-14.6) 4.9(2.3-9.1)
T14 (min)
Mean (sD) 55(22) 39(7)
Median (range) 49 (33-95) 39(25-48)

Tmax, time to maximum plasma concentration; Cmgx, maximum plasma concentration; sp, standard deviation;
AUCQ-inf, area under the plasma concentration-time curve from zero to infinity; T4, apparent terminal elimination
half-life; sc, subcutaneous.
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SUPPLEMENTAL TABLE 2 Pharmacokinetic parameters of apomorphine after single-dose
administrations of 2 and 3 mg Az-009 to healthy volunteers (part B) and 2, 3, and 4 mg Az-009
to Parkinson'’s disease patients (part C).

Healthy volunteers Parkinson's disease patients
(PART B) (PART C)
2mgAz-009 3mgAz-009 2mgAz-009 3mMgAZ-009 4 MmgAZ-009
(N=6) (N=6) (N=7) (N=6) (N=6)
Tmax (min)
Median (range) 1(1-10) 1(1-5) 2(2-6) 2(2-2) 3(2-5)

Cmax (ng/mL)

Mean (sD) 16.2(11.1) 25.0(9.5) 12.0(6.8) 25.3(11.0) 26.5(16.6)

Median(range)  15.2(1.3-29.3) 26.6(11.0-38.2)  10.4(4.4-22.7)  29.4(6.0-36.7) 23.6(10.3-54.2)

AUCo-inf(h-ng/mL)

Mean (SD) 5.3(3.1) 11.8(5.4) 5.1(1.5) 12.6(4.5) 11.3(5.1)

Median (range) 5.3(0.7-9.9) 12.7(2.5-17.6) 5.0(3.3-7.1) 14.3(3.7-15.6)  10.3(6.5-20.6)

T14 (min)
Mean (sD) 38(4) 40(15) 38(10) 42(3) 40(5)
Median (range) 39(32-42) 35(28-68) 38(20-50) 42 (38-45) 39(34-48)

Tmax. time to maximum plasma concentration; Cmgx, maximum plasma concentration; s, standard deviation;
AUCQ-inf, area under the plasma concentration-time curve from zero to infinity; T14, apparent terminal elimination
half-life.
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SUPPLEMENTAL FIGURE 1 Overview of study designs.

STUDY PART A — CROSSOVER STUDY IN HEALTHY VOLUNTEERS

Sequence 1 =3 days

N=4

Sequence 2
N=4

STUDY PART B — SINGLE ASCENDING DOSE STUDY IN HEALTHY VOLUNTEERS

Cohort 1
(6 active/ 2 placebo)

Cohort 2
(6 active/ 2 placebo)

Cohort 3*
(6 active/ 2 placebo)

*Cohort planned but not started due to incidence/severity of AEs in the previous cohort.
STUDY PART C — SINGLE ASCENDING DOSE STUDY IN PARKINSON'S DISEASE PATIENTS

Cohort 1
(6 active/ 2 placebo)

Cohort 2
(6 active/ 2 placebo)

Cohort 3
(6 active/ 2 placebo)

47 CHAPTER 2 - SINGLE APOMORPHINE INHALATION IN HVS AND PD PATIENTS



SUPPLEMENTAL FIGURE 2 CONSORT flow diagram for study part A.

STUDY PART A

Assessed for eligibility
(n=23)

Excluded (n=15)
« Did not meet inclusion
criteria (n=7)

Randomised (n=8)

« Refused to participate
(n=3)
« Study full (n=5)

'

Allocated to 1 mg AZ-

009 followed by 2 mg

subcutaneous

apomorphine (n=4)

o Received allocated
intervention (n=4)

« Did not receive
allocated
intervention (n=0)

Completed (n=4)

Analysed (n=4)

coNsORT, Consolidated Standards of Reporting Trials.

}

Allocated to 2 mg

subcutaneous

apomorphine followed

by 1 mg AZ-009 (n=4)

o Received allocated
intervention (n=4)

« Did not receive
allocated
intervention (n=0)

Completed (n=4)

Analysed (n=4)
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SUPPLEMENTAL FIGURE 3 CONSORT flow diagram for study part B.

STUDY PART B

Assessed for eligibility
(n=60)

Excluded (n=15)

. Did not meet inclusion
criteria (n=18)

. Refused to participate
(n=8)

. Study full (n=10)

Randomised (n=24)

|

|

|

}

Allocated to placebo
(n=6)

. Received allocated
intervention (n=4)
Did not receive
allocated
intervention (n=2);
due to cancellation
of 4 mg AZ-009/
placebo cohort

Allocated to 2 mg

AZ-009 (n=6)

. Received allocated
intervention (n=6)

. Did not receive
allocated
intervention (n=0)

Allocated to 3 mg

AZ-009 (n=6)

. Received allocated
intervention (n=6)

. Did not receive
allocated
intervention (n=0)

Allocated to 4 mg
AZ-009 (n=6)

. Received allocated
intervention (n=0)
Did not receive
allocated
intervention (n=6);
cohort cancelled
due to incidence/
severity of AEs in
previous cohorts

Completed (n=4)

Completed (n=6)

Completed (n=6)

Completed (n=0)

Analysed (n=4)

Analysed (n=6)

Analysed (n=6)

Analysed (n=0)

CcONsORT, Consolidated Standards of Reporting Trials.
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SUPPLEMENTAL FIGURE 4 CONSORT flow diagram for study part C.

STUDY PART C

Assessed for eligibility
(n=40)

Excluded (n=15)

. Not meeting inclusion
criteria (n=12)

. Refused to participate
(n=3)

Randomised (n=25)

!

|

|

l

Allocated to placebo
(n=6)

Received allocated
intervention (n=6)
Did not receive
allocated
intervention (n=0)

Allocated to 2 mg
AZ-009 (n=7)

Received allocated
intervention (n=7):
6 planned and 1
replacement*

Did not receive
allocated
intervention (n=0)

Allocated to 3 mg
AZ-009 (n=6)

Received allocated
intervention (n=6)
Did not receive
allocated
intervention (n=0)

Allocated to 4 mg
AZ-009 (n=6)

Received allocated
intervention (n=6)
Did not receive
allocated
intervention (n=0)

Completed (n=6)

Completed (n=7)

Completed (n=6)

Completed (n=6)

Analysed (n=6)

Analysed (n=7, n=6%*)

Excluded from
pharmacodynamic
analysis population
(protocol
deviation) (n=1)

Analysed (n=6)

Analysed (n=6)

* A patient in the 2 mg AZ-009 group was replaced due to a protocol deviation (patient confessed post-dose that

pramipexole was taken prior to dosing with the study drug). The patient was excluded from the pharmacodynamic
analysis population (N=6) but not from the safety and PK analysis population (N=7).
cONsORT, Consolidated Standards of Reporting Trials.
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ABSTRACT

Background Apomorphine is used to treat OFF periods in
Parkinson’s disease (PD) patients. Az-009 is a novel apomorphine
formulation that delivers a thermally-generated aerosol to the deep
lung via inhalation with a single breath.

Methods Part A was a randomized, placebo-controlled, double-
blind study investigating the safety and pharmacokinetics of multiple
ascending doses of AZ-009. PD patients (n=24) received placebo or
2,3 0or 4 mg Az-009 once daily for 5 days, followed by three times
daily for 2 days with 2 hours between doses. Part B was a double-
blind crossover study in 8 PD patients who experience OFF periods.
During an OFF state, patients received 4 mg Az-009 and placebo on
two consecutive days in a randomized order. MDS-UPDRS Il and ON/
OFF state were assessed pre- and post-dose.

Results Three times daily dosing with 2, 3 and 4 mg AzZ-009 was
relatively well tolerated with no apparent accumulation or changes
in safety profile. Mild and transient throat irritation and cough were
reported most often. Az-009 was rapidly absorbed with median Tmax
between 1-2 minutes. When corrected for placebo response, the
maximum effect of 4 mg Az-009 based on MDS-UPDRS 111 scores was
observed at 10 and 30 minutes post-dose with mean (sb) reductions
of 6.8 (9.4) and 6.1(9.1) points respectively. Whereas 0% of patients
turned oON after placebo, 50% turned on 10 minutes after 4 mg
AZ-009 treatment.

Conclusion Az-009 is rapidly systemically absorbed and safe to

dose three times daily. AZ-009 could provide a faster-acting and
easier to use formulation than currently available therapies.
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INTRODUCTION

Parkinson’s disease (PD) patients can begin to experience motor
and/or non-motor fluctuations within a few years of disease onset."?
Fluctuating symptoms impact activities of daily living and worsen
quality of life.3

When motor fluctuations persist despite optimized oral levodopa
therapy, other treatment options can be sought or added. First-line
treatments are usually oral or transdermal drugs, such as dopamine
agonists and enzyme inhibitors that prolong the effect of levodopa,
i.e., coMT and MAO-B inhibitors. When the above interventions are
insufficiently effective, advanced treatment options are available,
such as intermittent or continuous subcutaneous apomorphine
administration, continuous percutaneous infusion of levodopa-
carbidopa intestinal gel and deep brain stimulation (DBS) surgery.*
For relief of sudden and intermittent OFF periods, subcutaneous
apomorphine injections have long been the only treatment option.
Its onset of action has been reported between 5-15 minutes,®’
with maximum motor improvements as assessed by part 111 of the
Movement Disorder Society-Unified Parkinson’s Disease Rating
Scale (MDs-UPDRS) after 20-40 minutes.®®? Despite its efficacy, the
use of intermittent injections is sometimes limited by injection site
reactions, pain and difficulty self-administering the injection during
an OFF period." With the FDA approval of inhalable levodopa
(2018) and sublingual apomorphine (2020), the treatment options
for on-demand therapy of oFF periods have increased." Inhalable
levodopa and sublingual apomorphine have an initial onset of effect
at 10 and 15 minutes respectively, and show maximum MDS-UPDRS
Il improvements at 30-60 and 60 minutes respectively.'>'* Both
are considered less invasive treatment options than subcutaneous
apomorphine injections. Inhalation of apomorphine could be
another user-friendly alternative with potentially a faster action than
already available therapies.

AZ-009 is a breath-actuated, oral inhalation device using the
Staccato technology.''¢ Inhalation leads to the thermal generation
of fine apomorphine aerosol particles that are appropriate for rapid
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deep lung delivery and subsequent systemic exposure. The aim
of this study was to assess the safety and pharmacokinetics (Pk) of
multiple (daily) dosing with 2, 3 and 4 mg Az-009 in PD patients.
Patients received Az-009 or placebo once daily for 5 days, followed
by three times daily for 2 days. Moreover, efficacy of Az-009 relative
to placebo was evaluated in PD patients during an induced OFF state
in a separate crossover design study.

METHODS

The study was carried outin accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) for experiments
involving humans. The study was registered in ClinicalTrials.gov
(NCT04157933) and approval was obtained by the Independent
Ethics Committee of Foundation Beoordeling Ethiek Biomedisch
Onderzoek (BEBO) (Assen, The Netherlands). All patients provided
written informed consent prior to their participation. The study was
conducted at the Centre for Human Drug Research (CHDR) (Leiden,
the Netherlands) between September 2019 and March 2020.

Study design

The study was composed of two parts: part A and B. Part A was a
randomized, placebo-controlled, double-blind study investigating
multiple ascending doses (MAD) of AzZ-009 (2, 3 and 4 mg). Patients
were dosed once daily for 5 days, followed by three times daily for 2
days with 2 hours between doses. Each cohort was composed of 8 PD
patients (6 active: 2 placebo). This 6:2 ratio was not based on formal
sample size calculations, but is common for phase 1 studies for an
initial evaluation of safety and pPk. Before commencing to the next
cohort, safety data were evaluated. Part B was a randomized, double-
blind, placebo-controlled crossover study in 8 PD patients who
experience OFF periods. Patients received 4 mg Az-009 and placebo
on Day 1 and 2 in a randomized order during an OFF state. OFF was
induced by overnight medication withdrawal. No formal sample size
calculation was performed for part B due to its exploratory nature.
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The study was composed of a screening visit, pretreatment with 20
mg domperidone three times daily from 2 days prior to dosing until
last dose, 4 visits of 1 day each followed by 1 visit of 3 days or if pre-
ferred by the patient 1 visit of 7 days (part A) or 1 visit of 3 days (part B)
atthe clinical research unit, and a follow-up telephone call.

Patients

In both study parts, non-smoking PD patients between 30-85 years
with a body massindex of 18-32 kg/m? were eligible for participation.
Patients in part A had to be classified as Hoehn and Yahr stage I-1v in
the ON state, and patients in part B as stage I-111 in the ON state and
experiencing motor fluctuations with recognizable oFF periods. Main
exclusion criteria were use of 5-HTz antagonists, use of apomorphine
(historical use was allowed), systolic blood pressure (BP) <100
mmHg at screening or baseline, symptomatic clinically relevant and
medically uncontrolled orthostatic hypotension, history of long QT
syndrome and/or a QTcF of >450 ms (male) or >470 ms (female),
history of clinically significant pulmonary (e.g., asthma, copD)
conditions, previous significant complication from oral dopamine
agonisttherapy including hospitalization, hallucinations, or any other
clinically relevant neuropsychiatric adverse event (AE). In addition, in
part B, a MMSE score <18 rendered a patientineligible.

Investigational product

AZ-009 / Staccato apomorphine was administered as a single
nominal dose of 1 or 2 mg apomorphine hydrochloride per
inhalation device. Doses of 3 mg were achieved by 3 inhalations
of 1 mg, and doses of 4 mg by 2 inhalations of 2 mg. Matching
placebo was identical to Az-009 but contained no apomorphine.
Devices were packaged in heat-sealed multi-laminate pouches to
protectapomorphine from light and moisture. Devices were marked
with patient and visit number to maintain the blind. The device
manufacturer was Alexza Pharmaceuticals, Inc. (Mountain View, ca,
USA). Instructions to the participant were to first exhale, then inhale
through the mouthpiece with a steady deep breath, and finally to
hold the breath for as long as possible for up to 10 seconds.
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The device makes use of the Staccato technology,’™ ' which is
already FDA and EMA approved for the administration of loxapine.'"?
The device is breath-actuated, a single breath through the device
leads to rapid heating (<0.5 second) of a metal substrate coated with
athin film of excipient-free apomorphine. As a result pure drug vapor
is formed that rapidly cools and condenses into aerosol particles
appropriate for deep lung delivery.

Assessments

SAFETY

Safety was evaluated by AE monitoring (classified by Medical
Dictionary for Regulatory Activities (MedDRA) version 21.1), and
assessment of ECGs, vital signs, physical examinations, and laboratory
measurements. A drop in systolic BP 220 mmHg and/or a drop in
diastolic BP =10 mmHg upon standing was classified as orthostatic
hypotension. QTcF was reviewed after domperidone pretreatment
and prior to first dose, as well as prior to each subsequent dose.

PHARMACOKINETICS

Single dose Pk has been described previously?® and therefore we
only report Pk of the MAD study here. Az-009’s Pk profile was evaluat-
edinthe MAD study (partA) on Day 1, 3 and 5 (once-daily dosing), and
on Day 7 (three times daily dosing; dosing at t=0, t=120 and t=240
minutes). Blood samples were collected pre-dose and at 1-, 2-, 5-,10-,
20-, 30-, 45-, 60-, 120- and 240-minutes post-dose on Day 1, 3 and 5.
On Day 7, samples were taken pre-dose and at 2, 5, 10, 30, 60 and
120 minutes after each dose, where the 120-minute sample was taken
just prior to the next dose. Apomorphine plasma concentrations
were determined by a liquid chromatography-tandem mass spec-
trometry method (Lc-Ms/ms) validated for arange of 0.0263-13.1ng/
mL. Concentration-time data were analyzed by non-compartmental
methods in Phoenix™ WinNonlin® (Version 8.1, Certara, L.P.). Actual
sample times were used in the analysis. Maximum plasma concentra-
tion (Cmax), time to reach Cmax (Tmax), apparent terminal elimination
half-life (T14) and area under the concentration-time curve from zero
to infinity (AUCo.inf) values were derived.
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Inter- and intra-individual variability (Cv%) of Crhax and AUCo.inf were
calculated for each dose group using data of Day 1,3 and 5. For Cmax,
also data of the first dose of Day 7 were used. The variance of the
natural logarithm of Crmax and AUCo.inf was computed for each day
and for each patient, these were averaged to obtain inter- and intra-
variance, and subsequently used to calculate the cv% as follows:
100*sqrt(exp(variance)-1).

EFFICACY

In study part B, efficacy was assessed by the motor examination part
of the MDS-UPDRS, i.e., part 11l. The same trained physician assessed
a patient throughout the study. In one patient this was not possible,
but all pre-and post-dose assessments of Day 1 were performed by
the same physician, and all assessments of Day 2 were performed
by another physician. MDs-UPDRS 11l was performed on Day -1, the
day before first dosing and when patients were still using their own
anti-Parkinson medication, and on Day 1 and Day 2 pre-dose and 10-,
30- and 60-minutes post-dose. Mean change from baseline (cFB)
MDS-UPDRS 111 total score, with and without correction for placebo,
was calculated and presented graphically.

In addition, a patient’s disease state was assessed by a physician pre-
dose and 10-, 20- and 45-minutes post-dose on Day 1and 2. Percentage
of patients being on (with or without dyskinesia), partial on and OFF at
each time pointwere presented in a stacked bar graph. Partial on was
defined as a partial response, i.e., the patient showed some improve-
ment after drug administration but did not reach a full on state.

Statistical analysis

Only descriptive statistics were conducted.

RESULTS

Demographics

Demographic characteristics of the patients enrolled in both studies
are described in Table 1.In the MAD study (partA), 26 PD patients were
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enrolled of which 2 patients discontinued early. One patient withdrew
consent after the second dosing day and one was discontinued early
due to an AE (atrial fibrillation). In total, 24 patients completed the full
study. In the crossover study (part B), 9 PD patients were enrolled of
which 1 patient only completed the first (placebo) dosing day. In total,
8 patients completed the full study. Refer to Supplemental Figures 1
and 2 for cONSORT flow diagrams providing an overview of number
of participants screened, randomized, completed, and analyzed per
study part.

Pharmacokinetics of multiple (daily) dosing

AZ-009 was rapidly absorbed with median Tmax between 1-2 minutes
during once-daily dosing in PD patients (Figure 1). Descriptive
statistics of the PK parameters are summarized in Supplemental Table
1. Mean Ty, ranged from 38 to 44 minutes. There was no carryover
of apomorphine across study days. Mean Cmax increased with an
increase in dose on Day 1, 3 and 5. On Day 1 and 3, mean AUCq.inf
increased from 2 to 3 mg, but was comparable between 3 and 4 mg
AZ-009. On Day 5, mean AUCq.jnf increased with dose from 2to 3 to
4 MgAZ-009.

On Day 6 and 7, Az-009 was administered three times daily with
2 hours between doses. Pk sampling took place on Day 7 (Figure 1).
Descriptive statistics are summarized in Supplemental Table 2.
After the first administration on Day 7, mean Cmay increased with an
increase in dose. After the second and third administration, mean
Cmax increased from 2 to 3 mg, but not from 3 to 4 mg Az-009. Mean
Cmax after each 2 mg dose, and after each 4 mg dose (at t=0, t=2
and t=4 hours) was comparable. In contrast, there was an increase in
concentration with multiple dosing in the 3 mg cohort, where mean
Cmax after the second and third dose was higher compared to Cmax
after the first dose. Following three times daily dosing, mean AUC.jnf
increased with dose from 2 to 3 mg, but was comparable after 3 and
4 Mg AzZ-009.Mean Ty, ranged from 34 to 38 minutes.

Inter-individual variability (Cv%) of Cmax was 160%, 152% and 72%,
and of AUC.inf118%, 81% and 43% in the 2,3 and 4 mg AZ-009 group
respectively. Intra-individual variability (Cv%) of Cmax was 77%, 59%
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and 57%, and of AUCo.inf 32%, 32% and 42% in the 2, 3 and 4 mg
AZ-009 group respectively.

Safety of multiple (daily) dosing

In the Az-009-treated groups more treatment-emergent AEs
(TEAESs) (68-87) were reported than in the placebo group (12) (Table
2). The most frequently reported TEAEs by patients receiving 2, 3 or
4 mg Az-009 were cough and throat irritation (incidence between
71.4-100%) and fatigue (50.0-57.1%). Most TEAEs were mild and all
were transient. The number and severity of TEAEs was not affected
when dosed three times daily as opposed to once daily. One TEAE,
classified as possibly related to Az-009, led to early discontinuation
of a patient. The patient developed first onset atrial fibrillation
as detected on ECG approximately 15 minutes after the first 4 mg
AZ-009 inhalation. Approximately 4 hours post-dose, the patient
spontaneously converted back to sinus rhythm. One serious AE
was reported in a patient receiving 4 mg Az-009. The serious AE,
tooth abscess, was assessed as being unrelated to the study drug.
No consistent or clinically relevant QTcF prolongation was reported.

Efficacy in a crossover study with placebo

When patients received placebo, they showed a mean deterioration
over time, i.e., an increase of mean MDS-UPDRS 111 (SD) compared to
baseline of 1.6 (7.4) points, 2.8 (9.0) points and 4.1 (9.8) points at 10-,
30- and 60-minutes post-dose respectively (Figure 2A). In contrast,
4 mg Az-009 led to a mean reduction in MDS-UPDRS |11 total score
at 10- and 30-minutes post-dose of 4.8 (5.7) and 6.3 (6.0) points
respectively (Figure 2A). At 60-minutes post-dose, the patients
treated with 4 mg Az-009 no longer showed an improvement
compared to baseline (-0.7 (10.6) points) (Figure 2A). At 10 minutes
post-dose, MDS-UPDRS 111 could only be assessed in half of the
AZ-009-treated patients, since known AEs for apomorphine, i.e.,
presyncope and hypotension, prevented its conduct. At 30 minutes
post-dose, the patients treated with Az-009 all recovered sufficiently
to perform the assessment again, except for one patient(n=7). When
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corrected for individual placebo response, the maximum effect of
4 mg AZ-009 was observed at 10 minutes post-dose with a mean
(placebo-corrected) reduction (sp) of 6.8 (9.4) points (Figure 2B). This
effect was comparable to the effect observed at 30 minutes post-
dose, i.e.,-6.1(9.1) points.

A physician evaluated whether a patient was ON, partial on or
remained OFF pre-dose and 10-, 20- and 45-minutes post-dose (Figure
2¢). Prior to dosing all patients were offF. None of the placebo-treated
patients achieved a full on response, but 22% did turn partial on from
10 minutes post-dose onwards. In contrast, at 10 minutes post-dose,
25% of the patients receiving 4 mg Az-009 transitioned to a partial
ON state and 50% of patients to a full On state. At 45 minutes post-
dose, there were no AzZ-009-treated patients still in an OFF state (12%
(1 patient) was not evaluable).

DISCUSSION

Here, we report the first safety and Pk data of multiple dosing with
AZ-009, a new apomorphine inhalation device to treat OFF periods
in PD patients. Az-009 was rapidly absorbed with median Tmax
between 1-2 minutes, which is considerably faster than currently
available on-demand therapies for oFF periods. For subcutaneous
and sublingual apomorphine, median Tmax differs between
studies, but usually ranges between 15-23 and 38-51 minutes
respectively.?23 For inhaled levodopa, a median Tmax of 15 minutes
has been reported.?* Another inhalable apomorphine formulation
(VRO40) shows more comparable PK, i.e., Tmax ranging between 1-7
minutes.?¢?” Since group sizes in this study were relatively small and
inter-individual variability relatively high, no conclusions could be
drawn on dose proportionality over the dose range 2-4 mg. Future
largertrials are needed for this assessment. Inter-individual variability
in exposure parameters (Cv%) ranged between 72-160% for Cmax,
and 43-118% for AUCo.inf, with a trend towards decreased variation
with an increase in Az-009 dose. This is higher than reported for
subcutaneous apomorphine injections where cv% for Cmax has been
reported between 20-71% and for AUCo.inf between 20-32%.21:22:28-30
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For sublingual apomorphine, also relatively high inter-individual
variability has been reported, i.e., 73% for Cmax and 68% for AUCo.inf
in a study with larger sample size (n=19 and n=16 for Crhax and AUCo.
inf respectively) than in this study.?" As expected, intra-individual
variability was lower than inter-individual variability.

5-Day once-daily dosing, followed by 2 days three times daily
dosing (every 2 hours) with Az-009 at doses of 2, 3 and 4 mg was
relatively well tolerated by PD patients. Most patients reported mild
throat irritation and cough directly after inhalation which usually
resolved within minutes. No apparent accumulation or changes
in safety profile during three times daily dosing were observed.
Mean T1, of apomorphine ranged between 34-44 minutes, meaning
that after 2 hours on average 3 half-lives have passed. Therefore,
theoretically some accumulation will occur, but with the observed
variability and the sample size used, it is not surprising that this
accumulation was not objectified.

One patient developed first onset atrial fibrillation as detected on
ECG approximately 15 minutes after the first 4 mg Az-009 inhalation.
The patient was asymptomatic and spontaneously converted back
to sinus rhythm approximately 4 hours post-dose. The patient
was a 65-year old male, diagnosed with Parkinson’s disease for 14
years and treated with levodopa/benserazide 100/25 mg 7 times
daily and pramipexole 1.5 mg once daily. In addition, the patient
had a DBs for 7 years. The patient had no history of cardiovascular
disease. In literature, a few cases of atrial fibrillation in PD patients
after apomorphine administration have been described.?' It has
been hypothesized that atrial fibrillation is caused by an imbalance
of autonomic tone with predominance of vagal activity.3':343>

Usability of this specific Staccato device has not yet been
adequately investigated in the PD population. Future studies will
investigate the usability of the commercial device by PD patients
while OFF. Previous research with a dry powder inhaler has shown
that most PD patients after adequate training are able to handle a
dry powder inhaler, have sufficiently high inspiratory flow rates and
are able to hold their breath for up to 5 seconds after inhalation.?
Another study evaluated the ability of PD patients to correctly open a
pouch wherein the inhaler was stored and to prepare the inhaler for
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use.’” The study showed that 58% of PD patients in an OFF state were
able to open pouch 1 as intended (via the tear notch), whereas this
was much higher (75%) for pouch 2, indicating that pouch 2 would
be better suited for use in a PD population. This underlines that
evaluation of device packaging, preparation and use in the target
population is crucial. Encouraging results on inhalation device use
have been reported in a phase 2b study with inhalable dry powder
levodopa: patients were able to prepare and self-administer the
treatment, even though some indicated concerns about inhaler
system use during telephone contact (7% placebo, 14% levodopa).'?
Similarly, in a phase 2a study with inhalable apomorphine (vR040),
23 out of 24 patients were able to load and use the device correctly.?

When corrected for individual placebo response, the maximum
effectof 4 mg Az-009 was observed at 10 and 30 minutes post-dose
with mean (sD) reductions of 6.8 (9.4) and 6.1 (9.1) points at 10 and
30 minutes respectively. This is in line with results from a phase 1,
parallel design study, where 4 mg Az-009 led to reduction of 10.3
(3.7) points and placebo to 4.8 (4.9) points at 10 minutes post-dose.?°
In contrast, subcutaneous apomorphine reaches its maximum MDSs-
UPDRS Il response after 20-40 minutes,*®? sublingual apomorphine
after 60 minutes'®, and inhalable levodopa after 30-60 minutes.'?'3
The time to maximum effect of Az-009 resembles that reported for
another apomorphine inhaler (vRO40) under clinical investigation,
i.e., maximum MDS-UPDRS |1l response at 20 minutes post-dose.?”-3
Mean MDS-UPDRS Il differences between apomorphine dry powder
inhalation and placebo in these studies were 8.4 (95% clI 1.2-15.5)
and 11.6 (95% cI 2.3-20.9). Both were ascending dose titration
studies which might explain the larger effects found. The observed
effect in the present study is expected to be an underestimation
since the administered dose was not optimized per individual after
up titration, as is done in the clinical setting for subcutaneous and
sublingual apomorphine. This likely led to suboptimal dosing, where
for some the dose was too high and therefore resulted in AEs (known
for apomorphine) preventing the conduct of MDs-UPDRS 111, and for
others might have been too low to reach optimal efficacy. Therefore,
in clinical practice, AzZ-009 would have to be initiated at a lower
dose and titrated to a dose that balances efficacy and side effects.
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Future studies should address Az-009's efficacy when administered
ata patient’s optimal dose. Nevertheless, this study clearly showed a
conversion from OFF to partial or full on after 4 mg Az-009 treatment.
At10 minutes post-dose, 75% of patients turned partial or fullon, and
at 45 minutes no patients (1 patient not evaluable) were leftin an OoFF
state. In contrast, none of the placebo-treated patients achieved a full
ON response, even though 22% did turn partial on from 10 minutes
post-dose onwards.

With AzZ-009's median Tmax of 1-2 minutes and expected maximum
MDS-UPDRS IIl improvements at 10 and 30 minutes post-dose, this
inhalable apomorphine formulation could provide an easy and fast-
acting formulation for rescue of OFF periods.

CHAPTER 3 - MULTIPLE APOMORPHINE INHALATIONS IN PD PATIENTS



TABLE 1 Demographics.

MAD study Crossover
study
All patients 2mg 3mg 4mg Placebo All patients
(N=26) AZ-009 AZ-009 AZ-009 (N=6) (N=9)
(N=6) (N=7) (N=7)
Age (years)
Mean (sD) 64.2(9.2)  63.2(11.1) 64.6(11.2) 60.9(8.3)  68.7(4.6) 63.3(6.3)
Median (range) 65(48-83)  61(51-81)  60(50-83) 65(48-68)  69(62-75) 66(55-70)
BMI (kg/m?)
Mean (sD) 25.5(2.7)  25.9(2.0) 25.0(2.8) 25.6(3.1) 25.8(3.4) 23.2(3.4)
Median (range) 25(21-31)  26(23-29) 24(23-30) 24(22-31) 26(21-30) 23(19-31)
Sex (n/n (%/%))
Female/Male 7/19(27/73) 2/4(33/67) 3/4(43/57) 1/6(14/86) 1/5(17/83)  5/4(56/44)
Race (n (%))
Asian 1(4) 0(0) 0(0) 0(0) 1(17) 0(0)
Black or African American 1(4) 0(0) 0(0) 1(14) 0(0) 0(0)
White 24(92) 6(100) 7(100) 6(86) 5(83) 9(100)
Hoehn and Yahr stage (n (%))?
Stage 1 5(19) 2(33) 1(14) 2(29) 0(0) 0(0)
Stage 2 4(15) 2(33) 2(29) 0(0) 0(0) 8(89)
Stage 3 9(35) 1(17) 0(0) 4(57) 4(67) 1(11)
Stage 4 8(31) 1(17) 4(57) 1(14) 2(33) 0(0)
Concomitant Pb medication (n (%))
Levodopa-containing 25(96) 5(83) 7(100) 7(100) 6(100) 9(100)
agent
Dopamine agonist 20(78) 5(83) 5(71) 6(86) 4(67) 4(44)
comT inhibitor 3(12) 0(0) 1(14) 1(14) 1(17) 3(33)
MAO-B inhibitor 2(8) 0(0) 0(0) 1(14) 1(17) 0(0)
Amantadine 5(19) 1(17) 3(43) 0(0) 1(17) 1(11)
Deep brain stimulator 5(19) 2(33) 2(29) 1(14) 0(0) 1(11)

a. Hoehn and Yahr stage defined at screening (MAD study) or at the day prior to dosing while still on regular anti-
Parkinson medication (crossover study).

sp, standard deviation; BMI, body mass index; PD, Parkinson’s disease; comT, catechol-O-methyltransferase; MAO-B,
monoamine oxidase B; MAD, multiple ascending dose.
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TABLE 2 Summary of the number of treatment-emergent adverse events (TEAEs) and the
number and percentage of participants (n (%)) with any, mild, moderate and severe TEAE and
with a specific TEAE as indicated per treatment group in the multiple ascending dose study
(partA).

2mgAz-009 3mMgAz-009 4 Mg AZ-009 Placebo

(N=6) (N=7) (N=7) (N=6)

n (%) n (%) n (%) n (%)
#TEAEs® 87 68 69 12
Any TEAEs 6(100) 7(100) 7(100) 5(83.3)
Mild TEAEs 6(100) 7(100) 7(100) 5(83.3)
Moderate TEAEs 1(17) 0(0) 1(14) 0(0)
Severe TEAEs 0(0) 0(0) 0(0) 0(0)
Most common TEAEs®
Throat irritation 6(100.0) 7(100.0) 5(71.4) 1(16.7)
Cough 6(100.0) 6(85.7) 5(71.4) 0(0)
Fatigue 3(50.0) 4(57.1) 4(57.1) 2(33.3)
Headache 1(16.7) 4(57.1) 2(28.6) 0(0)
Yawning 2(33.3) 2(28.6) 2(28.6) 0(0)
Dizziness 1(16.7) 1(14.3) 1(14.3) 1(16.7)

a Not expressed as n (%). This parameter describes the total number of TEAEs reported, and hence is unitless. / b
TEAEs reported by = 15% of participants
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FIGURE 1 Mean (standard deviation) apomorphine concentration-time profiles of the FIGURE 2 Parkinson’s disease patients received placebo and 4 mg Az-009 (crossover)

multiple ascending dose study (part A) on a linear scale depicting Day 1, 3 and 5 after once daily during an induced OFF state. Efficacy is shown as mean change from baseline (CFB) MDS-UPDRS
dosing, and Day 7 after three times daily dosing (every 2 h) with 2, 3 or 4 mg Az-009. For Day 7, 111 total score with standard deviation without (A) and with individual correction for placebo
only the mean concentration-time profile is shown for legibility. response (B). Number of patients assessed at each time point are indicated in the graph.
DAY 1 DAY 3 Figure 2c presents the percentage (%) of patients that are oFF, partial on and full on at the
indicated time points.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTAL TABLE 1 Pharmacokinetic parameters of apomorphine after once daily
dosing with 2,3 and 4 mgAz-009 on Day 1,3 and 5.

2mgAz-009 3mgAz-009 4 Mg AZ-009

Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
(N=6) (N=6) (N=6) (N=7)P  (N=5)¢  (N=6) (N=7) (N=6)  (N=6)

Tmax (min)

Median 1.5 1.5 1.5 2 1 2 1 1 1.5

(range) (1-10) (1-5) (1-2) (2-6) (1-2) (1-3) (1-5) (1-2) (1-5)
Cmax(ng/ml_)

Mean 7.8 9.6 6.9 12.0 19.3 14.7 14.9 23.5 28.1

(sp) (7.2) (8.7) (7.0) (8.3) (13.8) (15.8) (5.8) (11.7) (26.8)
Median 5.2 8.8 4.3 11.3 21.7 10.0 171 18.5 14.0

(range) (1.4-18.7) (0.7-21.3) (1.2-20.3) (2.9-29.1) (6.5-39.8) (1.5-43.9) (7.4-21.9)(12.7-41.9)(6.7-67.1)

AUCo-inf(h-ng/mL)

Mean 2.5 2.3 2.6 5.6 7.1 4.5 57 7.3 8.0
(sp) (1.9) (1.4) (2.8) (2.2) (4.2) (2.8) (2.7) (2.8) (3.4)
Median 1.7 2.2 1.7 5.9 6.6 4.4 4.2 6.5 7.1
(range) (0.4-5.8) (0.6-4.6) (0.6-7.3) (1.8-8.3) (1.4-12.6) (1.6-8.4) (3.4-10.3) (4.1-12.4) (3.9-13.0)
T14 (min)

Mean 41 39 39 44 38 44 41 42 39
(sp) (4) 9 (7) (9) (7) (12) (5) (7) (4)
Median 39 40 38 40 40 41 43 41 38

(range)  (38-46) (27-50) (28-48) (36-61)  (27-47)  (29-60) (34-46)  (33-52) (34-46)

a. N=5. For one patient the AUCo-jnf acceptance criteria were not met (> 20% of the AuC was extrapolated) and
therefore the AUC-jnfof this patient was excluded from summary statistics. / b. One patient erroneously received 2

instead of 3mg Az-009 on Day 1./ c. N=5. One patient was not dosed due to too low pre-dose blood pressure at Day 3.

Tmax time to maximum plasma concentration; C max, maximum plasma concentration; s, standard deviation; AUCo-
inf, area under the plasma concentration-time curve from zero to infinity; T1, apparent terminal elimination half-life.
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SUPPLEMENTAL TABLE 2 Pharmacokinetic parameters of apomorphine after three times
daily dosing (every 2 hours at T=0, T= 120, and T=240 minutes) with 2, 3 and 4 mgAz-009 on
Day 7.

2mgAZz-009 3mgAZ-009 4 Mg AZ-009
Day7, Day7 Day7,  Day7  Day7, Day7, Day7z, Day7  Day7
dose1 dose2 dose3 dose1 dose2 dose3 dose1 dose2 dose3
(N=6) (N=6) (N=6) (N=6) (N=6) (N=6) (N=6) (N=6) (N=6)

Tmax (min)®

Median (range) 2 123 242 25 124 247 2 122 243
(2-5) (122-125)(242-245) (2-3) (122-150) (242-274) (2-2) (122-125)(242-275)

Cmax

(ng/mL)

Mean 8.4 8.5 9.3 13.7 22.4 24.4 171 18.4 12.0

(sp) (13.3) (11.1) (9.1) (15.0) (25.3) (23.2) (8.7) (12.6) (5.8)

Median 3.2 2.9 4.8 8.8 12.6 20.0 17.3 15.2 11.6

(range) (1.7-35.5) (1.5-29.8)(1.9-25.6) (0.6-41.5) (0.3-68.5) (2.2-58.0) (7.0-29.3)(4.9-40.9)(4.6-20.7)

AUCo-inf(h-ng/mL)

Mean (sD) 7.9(6.9) 22.8(13.2) 18.8(7.7)

Median (range) 6.5(1.7-21.1) 19.9(5.8-40.7)° 17.5(10.9-32.4)

T14 (min)

Mean (sD) - - 37(7) - - 38(2)p - - 34(5)

Median (range) - - 38 - - 38 - - 34

(26-45) (36-41)° (28-42)

a. Calculated from the time of first dosing on Day 7./ b. N=5. For one patient the acceptance criteria for reporting

the terminal elimination rate constant were not met (adjusted R? < 0.800). Therefore, AUCo-jnfand T1; could not be
determined.

Tmax, time to maximum plasma concentration; Cmax, maximum plasma concentration; sp, standard deviation; AUCo-
inf, area under the plasma concentration-time curve from zero to infinity; T1s, apparent terminal elimination half-life.

71 CHAPTER 3 - MULTIPLE APOMORPHINE INHALATIONS IN PD PATIENTS



SUPPLEMENTAL FIGURE 1

coNsORT flow diagram for the multiple ascending dose study.

STUDY PART A - MULTIPLE ASCENDING DOSE STUDY

ENROLLMENT
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A

A

Excluded (n=29)
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> criteria (n=21)
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(n=8)
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|

l ALLOCATION

l

i
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(n=6)
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allocated
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AZ-009 (n=6)

+ Received allocated
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allocated
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* Received allocated
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« Did not receive
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+ Did not receive
allocated
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SUPPLEMENTAL FIGURE 2 CONSORT flow diagram for the crossover study.

STUDY PART B - CROSSOVER STUDY

ENROLLMENT

ALLOCATION

ANALYSIS

FOLLOW UP

Assessed for eligibility (n=21)

Excluded (n=12)

. Did not meet inclusion
criteria (n=10)

. Refused to participate
(n=1)

. Study full (n=1)

Randomised (n=9)

Allocated to placebo and

4 mg AZ-009 (n=9)

. Received allocated
intervention (n=9)

. Did not receive allocated
intervention (n=0)

Lost to follow-up (n=0)

Discontinued intervention
(patient withdrew consent after
first (placebo) dosing) (n=1)

Analysed (n=8)

. Excluded from placebo-
corrected response data
(patient did not receive
both treatments) (n=1)

. However, all 9 included for
the depiction of mean
placebo response

CcONsORT, Consolidated Standards of Reporting Trials.
cONsORT, Consolidated Standards of Reporting Trials
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ABSTRACT

Background Apomorphineisusedto treat OFF episodesin patients
with Parkinson’s disease (PD). Unlike subcutaneous injections,
administration of an oromucosal solution is a non-invasive, easy
route of administration.

Objectives To assess the safety, tolerability, pharmacokinetics (Pk),
and dose proportionality of a novel apomorphine hydrochloride
(HCI) oromucosal solution, as well as its relative bioavailability to
subcutaneous apomorphine injection and apomorphine sublingual
film.

Methods In part A of the study, 12 patients with PD received 2
mg oromucosal apomorphine (4% weight/volume) and 2 mg
subcutaneous apomorphine in a randomized order, followed by 4
and 8 mg oromucosal apomorphine. In part B of the study, 13 patients
with PD received 7 mg oromucosal apomorphine (7% weight/
volume)and 30 mg sublingual apomorphine in arandomized order,
followed by 14 mg oromucosal apomorphine. Washout between
dose administrations in both study parts was at least 2 days. Safety,
tolerability and Pk were assessed pre- and post-dose.

Results Oromucosal apomorphine was generally well tolerated.
Observed side effects were typical for apomorphine administration
and included asymptomatic orthostatic hypotension, yawning,
fatigue and somnolence. Oromucosal apomorphine exposure
increased with dose, although less than dose proportional. The
mean (SD) maximum exposure reached with 14 mg oromucosal
apomorphine was 753.0 (298.6) ng-min/mL for AuCq_jnfand 8.0 (3.3)
ng/mLfor Cmax. This was comparable to exposure reached after 2 mg
subcutaneous apomorphine and approximately half of the exposure
observed with 30 mg sublingual apomorphine.

Conclusions  Apomorphine oromucosal solution was generally well

tolerated and resulted in clinically relevant plasma concentrations in
PD patients.
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INTRODUCTION

Apomorphine is a non-ergoline dopamine agonist. Subcutaneous
injections of apomorphine are indicated for the acute, intermittent
treatment of "OFF" episodes in patients with Parkinson’s disease
(pD). In general, apomorphine treatment is initiated when patients
suffer from OFF periods despite optimized oral/transdermal
dopaminergic treatment. Notwithstanding its well-known safety and
efficacy profile, apomorphine is currently underutilized.' This is likely
because the available licensed products are mostly administered as
subcutaneousinjections (APOKYN® and APO-go®), presenting several
impracticalities. These include the challenge of self-administering
injections during an OFF state, along with the potential for needle
phobia. Another delivery mode of apomorphine is the sublingual film
(KYNMOBI®), which can cause oropharyngeal side effects and takes
longer to reach maximum plasma concentrations than subcutaneous
administration.?2 The administration of both formulations requires
good finger dexterity and muscle coordination, which is often
impaired in patients with pD.®

Over the years, other non-invasive apomorphine administration
routes have been investigated, such as oral, transdermal, intranasal,
and inhaled routes.*® Due to the extensive first-pass metabolism of
apomorphine, oral administration results in too low bioavailability
(< 4%) to allow for clinically relevant apomorphine exposures.’
Furthermore, due to the delayed absorption from the gastrointestinal
tract, oral administration is not suited for use as rescue medication.
Transdermal delivery has not been developed so far, although
administration via an iontophoretic patch showed promising results
and the use of lipophilic di-ester prodrugs may hold promise for the
future.”'® Intranasal administration, although efficacious, results in
nasal irritation.® Lastly, inhaled apomorphine looks promising with a
rapid absorption and onset of effect.*>® However, collection of long-
term safety data of pulmonary exposure to apomorphine is essential
to confirm suitability for long-term use.

To overcome the disadvantages associated with the available
licensed and experimental apomorphine formulations, a highly con-
centrated apomorphine hydrochloride (HCl) oromucosal solution
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(APORON) has been developed which is intended for self-administra-
tion by the patient, using an easy-to-operate device. This formulation
is designed to enable an easy buccal delivery of efficacious doses
of oromucosal apomorphine without local side effects. With the
recent global discontinuation of the sublingual apomorphine film,
the development of a novel non-invasive apomorphine administra-
tion has become even more relevant.

In this two-part crossover study, the safety, tolerability, pharmaco-
kinetics (Pk), and dose proportionality of the novel apomorphine HCI
oromucosal solution was assessed, as well as its relative bioavailability
compared to subcutaneous apomorphine injection and apomor-
phine sublingual film. In the first study part, three ascending doses of
apomorphine oromucosal solution (4% weight/volume (w/v)) and a
single dose of 2 mg subcutaneous apomorphine were evaluated. In
the second study part, a higher percentage (7% w/v) apomorphine
oromucosal solution was evaluated attwo dose levels, and compared
with apomorphine sublingual film.

METHODS

The study is registered in the Netherlands Trial Register (Trial
NL9540), and was conducted at the Centre for Human Drug Research
(Leiden, the Netherlands) between May and August 2021 (study part
A), and between June and August 2022 (study part B). The study was
conducted in accordance with Good Clinical Practice guidelines
and approved by the Independent Ethics Committee of Foundation
Beoordeling Ethiek Biomedisch Onderzoek. Prior to any study-
related activity, all participants provided written informed consent.

Study design

This study consisted of two sub-studies, part A and part B. For a
depiction of their study design, referto Figure 1. Part A of the study was
an open-label, two-way crossover study in 12 patients with Parkinson’s
disease to characterize and compare the Pk of apomorphine after
oromucosal and subcutaneous administration, and to assess the
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dose proportionality of oromucosal apomorphine. Patients received
2 mg oromucosal and 2 mg subcutaneous apomorphine during
two different visits in a randomized order, followed by 4 mg and
lastly 8 mg oromucosal apomorphine (the highest dose (6 or 8 mg
depending on emerging data) was chosen after review of Pk and
safety/tolerability data of at least 6 patients). The washout period
between dose administrations was a minimum of 3 days and a
maximum of 3 weeks. A sample size of 12 was chosen since this could
confirm dose proportionality of oromucosal apomorphine with 80%
power (one-sided alpha=0.05), assuming an intra-individual cv of
20%."" A one-sided alpha was chosen since higher dose levels (i.e.,
volume) are expected to increase the chance of swallowing and
thereby result in lower oromucosal absorption and exposure.

Safety, tolerability and Pk data were examined during a dose
level evaluation meeting before proceeding to study part B. Based
on the oromucosal apomorphine exposure observed in part A, a
percentage of 7% apomorphine w/v in the oromucosal solution was
selected for use in part B.

Part B was an open-label comparative Pk study evaluating the more
concentrated oromucosal apomorphine solution and a sublingual
apomorphine filmin 12 patients with Parkinson’s disease. Patients first
received 7 mg oromucosal and 30 mg sublingual apomorphine in
a randomized order, followed by 14 mg oromucosal apomorphine.
There was a 2-day washout period between dose administrations. No
formal sample size calculation was performed due to the exploratory
nature of the study.

Participation in the trial consisted of a screening visit, pretreatment
with 20 mg domperidone three times daily'?'® from 2 days prior to
dosing until last dose (max. 9 consecutive days in part A, and max. 7
days in part B), followed by 4 visits (part A) or 3 visits (part B) of 1 day
each to the clinical research unit, and a follow-up phone call.

Participants

In study parts A and B, PD patients aged 30-85 years with Hoehn and
Yahr stage 1-1v and with clear, self-described motor fluctuations as
assessed by the 9-symptom Wearing-off Questionnaire, were eligi-
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ble for participation. Patients were excluded if they had symptomatic
clinically relevant and/or medically uncontrolled orthostatic hypo-
tension, a history of long QT syndrome and/or a QTcF of >450 ms
(male) or>470 ms(female), or aphthous ulcers or mouth sores within
6 months prior to the screening visit.

Investigational drugs

Apomorphine HCl oromucosal solutions (APORON®, Supplemental
Figure 1) containing 2.0 mg (4% weight/volume) or 3.5 mg (7%
weight/volume) apomorphine HCl per 50 pl-spray pump actuation,
were administered to alternating buccal cheeks. Varying the number
of spray device actuations allowed for the administration of doses
ranging from 2 mg to 14 mg apomorphine HCI. APORON is a non-
aqueous solution containing apomorphine HCI, one or more organic
solvents of which at least 50% is propylene glycol, and one or more
antioxidants (us patent 9,737,526 B2). The 4% solution was used in
part A, and the 7% in part B of the study.

In partA, patients received 2, 4 and 8 mg oromucosal apomorphine
HCI. Patients were instructed to swallow their saliva prior to the
buccal administration of the oromucosal solution, and to not swallow
or speak for 2 minutes after dosing. In part B, patients received 7
and 14 mg respectively. Patients were given the same instructions as
in part A, with the exception that they should not swallow or speak
for 3 minutes after dosing (increased to 3 minutes to be consistent
with the instructions in the patient leaflet of apomorphine sublingual
film). When 14 mg was administered, the first 7 mg was administered
att=0, and the second 7 mg at t=4 minutes.

In part A, 2 mg subcutaneous apomorphine HCI (APo-go® 10
mg/ml solution for injection) was injected in the abdomen as
active comparator. In part B, 30 mg apomorphine HCl sublingual
film (kYyNMOBI®) was used as active comparator. When receiving
sublingual film, patients were instructed to moisten their mouth just
prior to administration and to not swallow or speak for 3 minutes after
administration. If not fully dissolved after 3 minutes, patients were
instructed to not swallow or speak for 1 additional minute.

In clinical practice, subcutaneous apomorphine is initiated at a
dose of 2mg.Hence, 2 mgwas considered a safe dose for study partA.
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As apomorphine oromucosal solution was expected to have lower
bioavailability than subcutaneous apomorphine, 2 mg apomorphine
oromucosal solution was considered a safe starting dose.
Furthermore, in clinical practice, sublingual apomorphine is initiated
at10 mg and titrated to a dose that is both safe and efficacious (max.
30 mg). In study part B, a dose of 30 mg was considered to be safe,
since it was expected to result in a similar or lower maximum plasma
concentration (Cmax) than 2 mg subcutaneous apomorphine in part
A (which was well tolerated).2'>1¢

Safety

Patients were medically screened to confirm their eligibility.
Screening included an assessment of the patient’s medical history,
concomitant medications, electrocardiogram (ECG), vital signs,
routine laboratory assessments, and physical and neurological
examination. QTcF was assessed at screening (prior to domperidone
initiation) and again at baseline (after domperidone initiation and
prior to apomorphine administration). During the study, safety
was evaluated by monitoring of adverse events (AEs) (classified by
Medical Dictionary for Regulatory Activities (MedDRA) version 25.0),
vital signs, ECGs, physical and neurological examination, and clinical
laboratory tests. The buccal mucosa was assessed by a physician pre-
dose, 1 hour post-dose and prior to leaving the clinical research unit.
For AE reporting, a decrease in systolic blood pressure (BP) of =20
mmHg or in diastolic BP of 210 mmHg upon standing accompanied
by dizziness was documented as symptomatic orthostatic
hypotension. A decrease in BP of =20 mmHg or in diastolic BP of
=10 mmHg upon standing without dizziness was documented as
asymptomatic orthostatic hypotension. If a patient reported dizziness
upon standing without the abovementioned drop in BP, this was
documented as postural dizziness.

Pharmacokinetics

In part A, whole blood was collected pre-dose and 4, 8,12, 16, 20, 24,
28,32, 40,50,60,90,120 and 240 min post-dose. In part B, collection
took place pre-dose and 5, 10, 15, 20, 25, 35, 40, 45, 50, 55, 60, 75,
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90, 120, 240 and 360 min post-dose. A longer sampling duration
was used in part B to ensure that the apparent terminal half-life (T14),
and hence the exposure as area under the plasma concentration-
time curve from zero to infinity (AUCo.inf), could be calculated for all
patients since the Ty, of sublingual and oromucosal apomorphine
was expected to be longer than for subcutaneous apomorphine.?1®
Ascorbic acid was added to the plasma samples prior to freezing to
prevent apomorphine oxidation.

Apomorphine was extracted from plasma by Liquid Liquid
Extraction, after which apomorphine was quantified using a
validated liquid chromatography-tandem mass spectrometry (Lc-
Ms/Ms) method. Non-compartmental analysis was used to calculate
apomorphine’s Cmax, time to Cmax (Tmax), T4 and AUCo.inf. Dose
proportionality of oromucosal apomorphine over the dose range 2-8
mg in part A was tested by regression of Ln(dose) on Ln(AUCo.jnf) and
Ln(Cmax) With subject as random factor where the 90% confidence
interval (c1) of the slope of the regression had to fall between 1+
(Ln(0.8)/Ln(dose ratio)) < slope < 1 + (Ln(1.25)/Ln(dose ratio)) to
conclude for dose proportionality.’” In part B, dose proportionality
between 7 and 14 mg oromucosal apomorphine was tested for
dose-normalized Ln(Cmax) and Ln(AUCqo.inf) with an ANOVA with
treatment as fixed factor and subject as random factor. The 90% clI
of the ratio of the geometric means between the two dose levels
needed to be within 0.8 and 1.25 to conclude dose proportionality.’”
Bioequivalence between sublingual and oromucosal apomorphine
was tested for Ln(Cmax) and Ln(AUCo.inf) with a linear model analysis
with treatment as fixed factor and subject as random factor. The 90%
clI of the ratio between the two treatments needed to be within 0.8
and 1.25 to be bioequivalent. In this analysis, only patients receiving
both treatments were included.

RESULTS

Demographics

Table 1 provides an overview of baseline patient characteristics,
and Supplemental Figure 2 and 3 for consORT flow diagrams of
both study parts. In part A, 12 PD patients were enrolled in the study,
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of whom 10 patients completed the full study. Two patients were
discontinued early, i.e., after the second and third dosing day, due
to adverse events that were considered unrelated to apomorphine
(refer to Supplemental Figure 2). In part B, 12 PD patients completed
the full study, and 1 patient completed only the first study visit. After
this visit, the patient withdrew consent due to increased PD symptoms
and fatigue. In part A, the majority of participants (83%) had Hoehn
and Yahr stage 1, 8% had stage 1l and 8% had stage Ii1. In part B, 15%
had stage 1, 54% stage 11 and 31% stage 111. No other differences in
demographic and baseline characteristics were noted between
participants in part Aand B.

Pharmacokinetics

In part A, a single dose of subcutaneous apomorphine and three
ascending doses of 4% apomorphine oromucosal solution were
compared (Figure 2A, Table 2). Subcutaneous apomorphine was
more readily available systemically than oromucosal apomorphine;
the median Tmax (range) was 19 (8-40) and 32 (16-120) minutes
respectively. The ratio of the geometric least squares mean (90% ci)
of 2 mg oromucosal to 2 mg subcutaneous apomorphine was 0.28
(0.24-0.33) for AUCq.infand 0.20 (0.15-0.26) for Cmax. Over the dose
range 2-8 mg, oromucosal apomorphine exposure increased less
than dose-proportionally (Figure 2¢-D), resulting in 8 mg oromucosal
apomorphine having a lower exposure than 2 mg subcutaneous
apomorphine.

In part B, a 7% apomorphine oromucosal solution was compared to
sublingual apomorphine (Figure 28, Table 2). These administrations
showed a similar Pk profile with a median Tmax (range) of 45 (15-
75) minutes for sublingual, and 45 (25-77) minutes for oromucosal
apomorphine (7 mg). Moreover, oromucosal apomorphine had
a similar dose-normalized exposure as sublingual apomorphine
(Figure 2c-D). The ratio of the geometric least squares mean
(90% c1) of 7 mg oromucosal apomorphine to 30 mg sublingual
apomorphine was 0.30 (0.25-0.36) for AUCe.inf and 0.28 (0.23-
0.34) for Cmax. The ratio of the geometric least squares mean
(90% c1) of 14 mg oromucosal apomorphine to 30 mg sublingual
apomorphine was 0.51 (0.45-0.57) for AUCq.inf and 0.52 (0.45-0.61)
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for Cmax. Oromucosal apomorphine exposure increased less than
dose-proportionally from 7to 14 mg for Crmax and AUC.inf, while Cmax
showed a trend towards dose proportionality with a 90% ci of the
geometric mean ratio of both dose levels of 0.77-1.12.

Safety and local tolerability

Oromucosal apomorphine administration was generally well
tolerated with mostly mild and transient AEs (Table 3). The type
of AEs that were reported were comparable with subcutaneous
and sublingual apomorphine, and are typically associated
with apomorphine administration. Asymptomatic orthostatic
hypotension, yawning and fatigue and/or somnolence were
most frequently reported. There was no clear dose-dependent
or exposure-dependent increase in the incidence and severity of
AEs. No oropharyngeal AEs were reported and no abnormalities
of the buccal and sublingual mucosa were observed after the
administration of oromucosal apomorphine for up to 3 treatment
days and a single dose of 30 mg sublingual apomorphine.

Seven AEs that were moderate in severity were reported. In two
subjects the AEs were considered possibly or probably related to
apomorphine administration. One patient reported somnolence
moderate in severity approximately 30 minutes after sublingual
apomorphine administration that resolved spontaneously within
1.5 hours. Another patient reported postural dizziness and vomited
repeatedly, starting 1.5 hours after 14 mg oromucosal apomorphine
administration. In addition, the patient’s 6 hours post-dose lab
showed thrombocytopenia that was moderate in severity (pre-dose
219; 6 hours post-dose 136-10%/L). Upon retest approximately 1 week
later, the thrombocyte count had returned to normal. The patient had
tolerated both 30 mg sublingual and 7 mg oromucosal apomorphine
well except for some mild asymptomatic orthostatic hypotension
and somnolence.

Almost all patients reported that the oromucosal solution had a
bitter taste. Two patients also reported a slightly sweet taste on one
occasion, and 4 patients reported a (bitter/)sour taste. Taste did not
affect the patients’ ability to follow the dosing instructions.
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DISCUSSION

For over two decades, subcutaneous apomorphine injections and
infusions have been used as an efficacious treatment for managing
OFF episodes.’®' However, intermittent subcutaneous administra-
tion is still a suboptimal delivery route, especially since it requires a
good dexterity, which is typically impaired during an ofF episode.
Moreover, the need to self-administer injections in areas like the arms,
legs and abdominal wall, all typically covered by clothing, makes the
use of injections less practical in public settings. The buccal adminis-
tration of the oromucosal apomorphine solution is expected to solve
most of these impractical issues of apomorphine delivery.

After the buccal administration of oromucosal apomorphine,
maximum plasma concentrations were observed between 32 and
53 minutes (median Tmax over dose groups). The median Tmax in
study part A (32 minutes) was lower than in study part B (45 minutes
(7 mg) and 53 minutes (14 mg)). This is likely a chance finding due
to variability in PK, i.e. Tmax in part A ranged from 16 to 120 minutes,
and in part B from 25 to 82 minutes. The somewhat later Tmax
following 14 mg compared to 7 mg oromucosal apomorphine can
be partly ascribed by the 14 mg dose being administered as 2x 7
mg att=0 and t=4 minutes. Tmax is calculated counting from the first
dose administration. Sublingual apomorphine had a median Tmax
of 45 minutes, which was comparable to the Tpax of oromucosal
apomorphine. As expected, subcutaneous apomorphine was
more readily absorbed with a median Tmax of 19 minutes and had
a higher bioavailability compared to oromucosal and sublingual
apomorphine.’”' Moreover, as has also been described for
sublingual apomorphine, oromucosal apomorphine exposure
increased less than dose-proportionally.’® This might be attributed to
the fact that higher doses are administered as larger volumes. These
volumes are closerto the volume thattriggers a swallowing reflex,20-22
and hence more of the drug might be swallowed prematurely at
the higher oromucosal doses. Since apomorphine has a low oral
bioavailability, swallowing may have significantly contributed to the
lower bioavailability at higher doses.
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Based onthe observed bioavailability of oromucosal apomorphine in
partAofthe study, the formulationin part Bwas changed by increasing
the apomorphine concentration from 4 to 7%. Moreover, patients
in part B who received 4 spray pump actuations were given these
as 2 actuations at t=0 and 2 actuations at t=4 minutes, as opposed
to 4 consecutive spray pump actuations in part A. Figure 2 shows
that the increased apomorphine concentration led to an increased
apomorphine exposure in part B. Four spray pump actuations with
the 7% oromucosal apomorphine formulation (14 mg) resulted in
a comparable exposure as 2 mg subcutaneous apomorphine, and
about half of the exposure to 30 mg sublingual apomorphine. The
exposure to 30 mg sublingual apomorphine observed in this study
was higher than reported in the literature.’™'® However, the sample
size of our study was relatively small and apomorphine exposure is
known to be highly variable between patients receiving identical
doses. Furthermore, sublingual apomorphine in our study was
administered to a non-titrated patient population, whereas the
literature reports patients being titrated to an effective and tolerable
dose.'® Therefore, titration can lead to enrichment of patients with
lower PK exposure in the higher dose groups. This hypothesis is
supported by a different dose-Cmax relationship reported by Agbo
et al. in titrated PD patients with OFF episodes versus untitrated
healthy volunteers.’ The titrated patient population had a lower
regression coefficient (i.e., less steep dose-Cmax relationship), and
their exposure tended to plateau at higher doses. In our study, the
Cmax Vvalues of 30 mg sublingual apomorphine administered to
untitrated patients followed the dose-Cmax relationship described
for untitrated healthy volunteers receiving 10 to 25 mg sublingual
apomorphine.’ This implies that Pk exposure in healthy volunteers
and untitrated PD patients is comparable, and differences reported
between healthy volunteers and PD patients are likely the result of
dose titration, but not pathophysiological differences.

The apomorphine concentration at which a patient shows clinical
improvementis also subjectto high inter-patient variability. However,
a previous study in a small group of PD patients has reported a
mean minimal effective concentration (MMEC) of 4.7 ng/mL.2% Using
this cut-off, 11 out of 12 PD patients treated with 14 mg oromucosal

CLINICAL PHARMACOLOGY STUDIES INVESTIGATING NOVEL FORMULATIONS OF DOPAMINERGIC DRUGS

89

apomorphine reached plasma concentrations exceeding this
MMEC. Moreover, 8 out of 12 patients remained above this MMEC for
>40 minutes. Therefore, this study has provided clinically relevant
plasma concentrations after the administration of 14 mg oromucosal
apomorphine. The time to reach the MMEC varied between patients.
For subcutaneous apomorphine it ranged between 8-20 minutes
and for oromucosal apomorphine between 14-59 minutes. This
indicates that not all patients using subcutaneous apomorphine
will show a similar onset of efficacy with oromucosal apomorphine.
The PK exposure of oromucosal apomorphine is comparable to the
exposure of efficacious sublingual apomorphine doses as reported
in literature.?* Consequently, it is expected that the onset of efficacy
of oromucosal apomorphine will be comparable to that of sublingual
apomorphine in most patients.

In this two-part study, PD patients received oromucosal
apomorphine solution in ascending doses up to 14 mg, and
its safety was compared with subcutaneous and sublingual
apomorphine. Oromucosal apomorphine up to 14 mg was generally
well-tolerated with AEs comparable to those observed after
single doses of apomorphine sublingual film and subcutaneous
injection. All AEs that were considered at least possibly related to
oromucosal apomorphine were mild in severity, with the exception
of the observation of thrombocytopenia, postural dizziness, and
vomiting which was reported by one patient in the 14 mg group.
Nausea, vomiting and (postural) dizziness are known side effects of
apomorphine.’ For this reason, all patients were instructed to take
an anti-emetic three-times daily from two days prior to dosing.

Apomorphine undergoes autooxidation in aqueous environments
at neutral pH such as saliva.?® This autooxidation process results in
the formation of quinone derivatives and reactive oxygen species
which have been associated with cytotoxicity.?¢?” Therefore,
apomorphine thatremains in the oropharyngeal space long enough
to undergo autooxidation in the saliva, has the potential to induce
oropharyngeal irritation via the formed apomorphine quinones. For
apomorphine sublingual film, it is known that oropharyngeal AEs
occur after repeated exposure. A phase 3 study with apomorphine
sublingual film reported oropharyngeal AEs as the most common
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AEs with an incidence of 31% for sublingual apomorphine compared
to 7% in the placebo group. These oropharyngeal AEs led to
treatment discontinuation in the 12-week maintenance phase in 17%
of the patients in the sublingual apomorphine group compared
to 2% in the placebo group.?® The side effects of sublingual
apomorphine are likely related to apomorphine particles in the dual
layer film that can remain in the vallecula where they degrade into
reactive oxygen species in the presence of saliva. For oromucosal
apomorphine, it is hypothesized that degradation into reactive
oxygen species in the oropharyngeal space is limited since the
apomorphine is administered as a dissolved solution and will be
swallowed together with the saliva thereby preventing prolonged
presence in the oropharyngeal space. The current study did not
show any oropharyngeal AEs, including buccal/sublingual mucosa
abnormalities for both oromucosal apomorphine solutions (up to 14
mg/day) during up to three treatment days, nor for a single dose
of 30 mg sublingual apomorphine. Further verification is needed to
confirm the local tolerability of oromucosal apomorphine HCl during
longer exposures.

In summary, the buccal administration of the novel oromucosal
apomorphine solution evaluated in this two-part clinical study was
generally well tolerated and resulted in clinically relevant plasma
concentrations in PD patients. It is expected to offer a promising
new administration route for the delivery of apomorphine. Due to
the use of dissolved apomorphine, it is hypothesized to result in
fewer oropharyngeal side effects than sublingual apomorphine.
Moreover, oromucosal apomorphine solution administration will be
an easier and more user-friendly way to administer apomorphine
than the recently discontinued sublingual film and currently available
subcutaneous injections.
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TABLE 1 Demographics of participants with Parkinson'’s disease in study

parts Aand B.

Demographic variables PART A PART B
(N=12) (N=13)2

Age (years)

Median (range) 66(48-79) 67 (55-79)

BMI (kg/m?)

Median (range) 26(21-30) 26(19-32)

Sex (n/n (%/%))

Female/Male 5/7 (41.7/58.3) 4/9(30.8/69.2)

Race (n (%))

White 12(100) 10(76.9)

Asian 0(0) 1(7.7)

Mixed 0(0) 2(15.4)°

MMSE

Median (range) 30(27-30) 29(25-30)

Hoehn and Yahr stage

Stage 1 10(83.3) 2(15.4)

Stage 2 1(8.3) 7(53.8)

Stage 3 1(8.3) 4(30.8)

Stage 4 0(0) 0(0)

Concomitant PD medication (n (%))

Levodopa-containing agents 12(100.0) 13(100.0)

Dopamine agonists 6(50.0) 10(76.9)

coMT inhibitors 3(25.0) 1(7.7)

MAO-B inhibitors 1(8.3) 1(7.7)

Amantadine 2(16.7) 4(30.8)

Other 2(16.7) 0(0)

a. One drop-out after the first dosing (30 mg sublingual apomorphine); refer to Supplemental
Figure 3 for a CONSORT flow diagram. / b. Mixed, i.e., White/Asian and White/African. / c.

Trihexyfenidyl and glycopyrronium, both N=1.

BMI, body mass index; MMSE, Mini Mental State Examination; PD, Parkinson’s disease, COMT,

catechol-O-methyltransferase; MAO-B, monoamine oxidase B.
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TABLE 2 Pharmacokinetic parameters of apomorphine after 2 mg subcutaneous and 2, 4 and
8 mg oromucosal apomorphine administration (part A), and 30 mg sublingual and 7 and 14 mg
oromucosal apomorphine administration (part B) to Parkinson’s disease patients.

PART A PART B

2mgsc 2mgom 4mgom 8mgom 3omgsl 7mgom 14mgom?3
(N=12) (N=12) (N=11) (N=10) (N=13) (N=12) (N=12)

Tmax (min)

Median (range) 19(8-40) 32(16-60) 32(24-90) 32(20-120) 45(15-75) 45(25-77) 53(29-82)
Cmax (ng/mL)

Mean (sD) 10.5(6.5) 2.0(1.2) 3.3(0.9) 4.3(1.8) 15.5(5.7) 4.5(2.4) 8.0(3.3)
Median (range) 9(3-24) 2(1-5) 3(2-5) 4(1-7) 15(9-25) 5(2-10) 7(3-14)
Geometric LSM ratio 0.20 0.39 0.53 0.28 0.52
om/sc(partA)orom/ (0.15-0.26) (0.30-0.49) (0.42-0.66) . (0.23-0.34) (0.45-0.61)

sl (part B) (90% c1)

AUCo-inf(min-ng/mL)

Mean (sD) 617.8 178.3(75.5) 303.4 431.6 15241 454.4 753.0
(182.6) (51.2)° (116.5) (533.2) (174.0) (298.6)

Median (range) 572 132 296 384 1546 497 780
(296-892) (116-316) (225-390)° (294-633)> (773-2573) (177-703) (302-1320)

Geometric LSM ratio 0.28 0.53 0.75 0.30 0.51

om/sc(partA) orom/ (0.24-0.33) (0.44-0.63) (0.59-0.94) : (0.25-0.36) (0.45-0.57)

sl (part B)(90% c1)

T14 (min)

Mean (sD) 48(7) 44 (6) 45 (4)° 47 (6)° 54(8) 51(7) 54(7)

Median (range) 46 (39-60) 43(38-57) 44(39-54)° 48(37-55)°> 54(45-67) 50(43-63) 51(45-65)

a. Administered as 2 spray pump actuations at t=0 and another 2 spray pump actuations at t=4 minutes. Calculations
are done from t=0./b. N=9 due to inability to calculate T14 because of insufficient span ratio (i.e., time interval over
which 114 can be determined) (N=2), and due to one early discontinuation during the visit (N=1)

Tmax time to maximum plasma concentration; Cmax, maximum plasma concentration; sb, standard deviation; LSM,
Least Squares Mean,; om, oromucosal; sc, subcutaneous; sl, sublingual; c1, confidence interval; AUC.jnf, area under
the plasma concentration-time curve from zero to infinity; T15, apparent terminal elimination half-life.
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TABLE 3 Summary of the number of AEs and the number and percentage of participants (n
(%)) with any, mild, moderate and severe AE and with a specific AE as indicated per treatment
group and study part.

PART A PART B
2mg 2mg 4 mg 8mg 30 mg 7 mg 14 mg
sc om om om sl om om
(N=12) (N=12) (N=11) (N=10) (N=13) (N=12) (N=12)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
#AEs® 19 12 14 14 28 27 24
Any AEs 12(100.0) 8(66.7) 10(90.9) 9(90.0) 11(84.6) 9(75.0) 8(66.7)
Mild AEs 11(91.7) 8(66.7) 9(81.8) 9(90.0) 11(84.6) 9(75.0) 8(66.7)
Moderate AEs 1(8.3) - 1(9.1) - 4(30.8) - 1(8.3)
Severe AEs - - - - - - -
Most common AEsb
Nausea - - - - 1(7.7) 1(8.3) 2(16.7)
Fatigue 3(25.0) 1(8.3) 3(27.3) 2(20.0) 4(30.8) 1(8.3) 1(8.3)
Headache 1(8.3) 1(8.3) 1(9.1) - 2(15.4) 3(25.0) 1(8.3)
Orthostatic
hypotension
-Asymptomatic 7 (58.3) 5(41.7) 3(27.3) 3(30.0) 3(23.1) 6(50.0) 3(25.0)
- Symptomatic - 1(8.3) - - R R R
Dizziness 1(8.3) - - - 1(7.7) 1(8.3) 2(16.7)
postural®
Increased 1(8.3) - - - 2(15.4) 1(8.3) -
Parkinson'’s
disease
symptoms
Dyskinesia - - - - 1(7.7) 2(16.7) -
Somnolence - - - - 3(23.1) 4(33.3) 3(25.0)
Yawning 4(33.3) 2(16.7) 5(45.5) 8(80.0) 4(30.8) 3(25.0) 3(25.0)

a. Not expressed as n (%). This parameter describes the total number of AEs reported, and hence is unitless. /

b. AEs reported by =3 participants in part A or B./ c. Dizziness upon standing but no significant blood pressure
drop measured at scheduled standing blood pressure measurement.

AE, adverse event; sc, subcutaneous apomorphine; om, oromucosal apomorphine; sl, sublingual apomorphine.
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FIGURE 1 Overview of study designs of part Aand B.

FIGURE 2 Mean (standard deviation) apomorphine concentration time profiles of 2 mg
subcutaneous and 2-8 mg oromucosal apomorphine (A), and 30 mg sublingual and 7-14 mg
oromucosal apomorphine (B). Dose-normalized AuCo-inf and cmax (C-D); number of spray
pump actuations indicated above the whiskers.

A

B. 7% apomorphine HCl oromucosal solution

4% apomorphine HCl oromucosal solution 4 ¢ )
vs. apomorphine HCl sublingual film

vs. apomorphine HCl subcutaneous injection

20 201

&= 2:mg sc APO
-~ 2 mg om APO

PART A

6 patients receive oromucosal solution on Visit 1 followed

by subcutaneous injection on Visit 2 and 6 patients

receive itvice versa.

Max. 31 days + 3 days + 3 days + 2-3 weeks +7-10 days
Interim
VISIT 1 VISIT 2 VISIT 3 Analysis VISIT 4
S . .| 2 mg apomorphine HCI 2 mg apomorphine HC| 4 mg apomorphine | 6 or 8 mg apomorphine Follow up
creening P 3 3 — > g
oromucosal solution or oromucosal solution or HCl oromucosal HCI oromucosal Telephone
subcutaneous injection subcutaneous injection solution solution
--------------------------------------------------------------- > R LR EE] =
Domperidone 20 mg three times daily from 2 days prior to Visit 1. Domperidone 20 mg three times
daily from 2 days prior to Visit 4.
PART B
6 patients receive oromucosal solution on Visit 1 followed by
sublingual film on Visit 2, and 6 patients receive it vice versa.
Max. 31 days + 2 days +2 days +7-10 days
VISIT 1 VISIT 2 VISIT 3
7 mg apomorphine HCI 7 mg apomorphine HCI 14 mg apomorphine Foll
Screening #| oromucosal solution or (—3| oromucosal solution or — Tiroaient” HCl oromucosal > TOI °":1 uP
30 mg apomorphine HCI 30 mg apomorphine HCI rolcee ldp;allent solution elephone
sublingual film sublingual film tolerated 7.mg
oromucosal solution
................................................................................ >
Domperidone 20 mg three times daily from 2 days prior to Visit 1.
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sc, subcutaneous; om, oromucosal; sl, sublingual.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTAL FIGURE 1 Buccal administration of apomorphine hydrochloride
oromucosal solution, to be administered to alternating cheeks.

(=,
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SUPPLEMENTAL FIGURE 2 CONSORT flow diagram study partA.

STUDY PART A
APOMORPHINE HCL OROMUCOSAL SOLUTION (4%) AND SUBCUTANEOUS INJECTION

ENROLLMENT

Assessed for eligibility (n=21)

Excluded (n=9)

. Did not meet inclusion
criteria (n=9)

Randomised (n=12)

Allocated to treatment sequence: 2 mg sc,
2 mg om, 4 mg om and 8 mg om apo (n=6)
. Received full treatment sequence (n=5)
Received part of treatment sequence (n=1)
- discontinued intervention after second
dosing; patient wanted to discontinue
domperidone (patient expected this
to be the cause of aggravated PD
symptoms), but this was not considered
tolerable, therefore patient was early
discontinued.
Did not receive treatment sequence (n=0)

Allocated to treatment sequence 2 mg om,

2 mg sc, 4 mg om and 8 mg om apo (n=6)

« Received full treatment sequence (n=5)

« Received part of treatment sequence (n=1)

- discontinued intervention after third
dosing; patient experienced hefty
pain during Pk sampling and was
therefore early discontinued.
Pk samples were collected up to
50 minutes post third dose.
Did not receive treatment sequence (n=0)

FOLLOW UP

Lost to follow-up (n=0)

ANALYSIS Analysed (n=12)

. Excluded from analysis (n=0)

CcoNsoRT, Consolidated Standards of Reporting Trials; sc, subcutaneous; om, oromucosal; PD, Parkinson’s disease; PK,
pharmacokinetics.
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SUPPLEMENTAL FIGURE 3 CONSORT flow diagram study part B.
STUDY PART B
APOMORPHINE HCL OROMUCOSAL SOLUTION (7%) AND SUBLINGUAL FILM

ENROLLMENT

Assessed for eligibility (n=17)

Excluded (n=4)
. Did not meet inclusion

criteria (n=3)
. Planning - availability (n=1)

Randomised (n=13)

ALLOCATION

Allocated to treatment sequence: 30 mg sl,
7 mg om, 14 mg om apo (n=7)
. Received full treatment sequence (n=6)
. Received part of treatment sequence (n=1)
- discontinued intervention after first
dosing; patient withdrew consent
due to aggravation of Parkinson’s
symptoms and fatigue after the
first visit
. Did not receive treatment sequence (n=0)

Allocated to treatment sequence: 7 mg om,
30 mg sl, 14 mg om apo (n=6)

. Received full treatment sequence (n=6)

. Received part of treatment sequence (n=0)
. Did not receive treatment sequence (n=0)

Lost to follow-up (n=0)

Lost to follow-up (n=0)

ANALYSIS Analysed (n=13)

. Excluded from analysis (n=0)

coNsORT, Consolidated Standards of Reporting Trials; sl, sublingual; om, oromucosal; PD, Parkinson’s disease; PK,

pharmacokinetics.
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ABSTRACT

Background Parkinson’s disease (PD) is a progressive neurode-
generative disease that affects almost 2% of the population above
the age of 65. To better quantify the effects of new medications, fast
and objective methods are needed. Touchscreen-based tapping
tasks are simple yet effective tools for quantifying drug effects on
pD-related motor symptoms, especially bradykinesia. However, there
is no consensus on the optimal task set-up.

Methods The present study compares four tapping tasks in 14
healthy participants. In the alternate index and middle finger tap-
ping task (IMFT), tapping occurred with the index and middle finger
with 2.5 cm between targets. In the alternate index finger tapping
task (IFT), tapping occurred with the index finger with 20 cm between
targets. Both configurations were tested with or without the pres-
ence of a visual cue. Moreover, for each tapping task, within- and
between-day repeatability and (potential) sensitivity of the calculat-
ed parameters were assessed.

Results Visual cueing reduced tapping speed, impaired rhythm,
and improved accuracy. This effect was most pronounced for IFT.
On average, IFT had a lower tapping speed with impaired accuracy
and improved rhythm compared to IMFT. Of all parameters, the total
number of taps and mean spatial error had the highest repeatability
and sensitivity.

Conclusions The findings suggest against the use of visual cueing
because itis crucial that parameters can vary freely to accurately cap-
ture medication effects. The choice for IMFT or IFT depends on the
research question, as these tasks assess different aspects of move-
ment. These results encourage further validation of non-cued IMFT
and IFT in PD patients.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease
that affects roughly 1to 2% of the population above the age of 65."2
The standard treatments remain symptomatic and novel treatments
are continuously being investigated.®* One of the cardinal motor
symptoms of PD is bradykinesia, defined as ‘slowness of voluntary
movement initiation, progressive reduction of speed and amplitude
of repetitive movement, and difficulty of task switching'.* Additional
motor symptoms include tremor, muscular rigidity, and postural
instability.*

To assess the effectiveness of new (dopaminergic) medications,
the Movement Disorder Society revised - Unified Parkinson's
Disease Rating Scale (MDS-UPDRS) serves as the ‘gold standard’
measurement.® This scale provides a wide range of assessments
related to both motor and non-motor symptoms. Part 111 of the scale
assesses motor symptoms, and its administration lasts approximately
15 minutes. However, the clinical rating scale is subject to varying
inter-rater reliability, requires training and certification of the assessor,
and is time-consuming for both the clinician and patient.®” This may
hamperthe continuous assessment of (motor) symptoms, especially
of rapid-acting agents. For instance, it will be difficult to accurately
model the pharmacokinetic-pharmacodynamic relationship of a
medication with an early Tmax (€.g., of less than 15-30 minutes) when
using the time-consuming MDS-UPDRS part il as a pharmacodynamic
measure. Hence, there is a need for short, reliable, and objective
motor symptom quantification methods that are easy to implement
in clinical research.

The number and variety of technologies aimed at quantifying
PD motor symptoms has increased over the last decade.®'® Many
focus on finger tapping motions to quantify aspects of tremor,
dyskinesia, and bradykinesia.® When quantifying bradykinesia,
examples of technologies used vary from more rudimentary to
increasingly sophisticated methods. For instance, arcade buttons,™
midi-keyboards,'? Inertial Measurement Units,”*'? and touchscreen
devices?*?® have allbeen usedin previous studies. Touchscreen-based
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tapping tasks have been shown to not only differentiate reliably
between PD patients and healthy controls'?202921-28 lhyt also to
detect medication effects.'#20232930 Despite their potential in clinical
research, there is no one standardized touchscreen based tapping
task and seemingly minor configuration differences can affect the
interpretation of study results.®'

Two variations of the touchscreen based finger tapping tasks are
commonly described in literature: alternate tapping with the index
and middle finger of one hand between two closely placed targets
(indexand middle fingertapping (IMFT)),%2>%2 and alternate tapping
with the index finger between two targets placed on opposite ends
of the screen (alternate index finger tapping (IFT)).'2% Each task
assesses a different aspect of movement: whereas IMFT requires
fine finger movement, IFT requires upper arm movement. Although
studies report whether the IFT and/or IMFT was used, it is often
unclear what the precise implementation of the tasks were (Table
1 for a brief overview of studies that used a finger tapping task).
Varying target distances have been used both in IMFT and IFT. The
inter target distance in IFT studies varies between 1.5 cm to 25 cm. In
studies using the IMFT, most set-ups seem to place the targets under
the natural position of the fingertips, yet, the precise inter-target
distance is notalways reported. Furthermore, both visually cued (e.g.,
by changing target colors)® and non-cued (e.g., on a keyboard),?
versions of the test have been described. The distinction can be
important as it has been shown that aiding PD patients with sensory
cues can improve performance in finger tapping rhythm? and gait.3*
Most importantly, however, most studies do not report all design
choices, often omitting details about the inter-target distance, the
presence or absence of a cue, or the task duration.

To the best of our knowledge, no study has assessed the effects
of cueing and task configuration in a comparative manner in healthy
participants. The present study aims to compare four tapping tasks
(cued/ non-cued IMFT and IFT) in healthy participants to identify the
optimal design choicesto be further validated in PD patients. First, the
within- and between-day repeatability and (potential) sensitivity of the
parameters are evaluated. Subsequently, the effect of the different
configurations and cueing on tapping parameters are assessed.
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METHODS

Participants

No formal sample size calculations were performed since this was
an exploratory, technical validation study. A total of 16 healthy
participants were planned for enrolment. The number of participants
was chosen to be of similar size as an early phase clinical trial and
to achieve a balanced design. Inclusion criteria were self-reported
normal or corrected vision and no self-reported significant health
problems. Exclusion criteria included the presence of self-reported
physical hand/arm impairment, any movement disorder (e.g., PD,
essential tremor, dystonia, akinesia) and/or any other neurological
condition. Participants were instructed to abstain from caffeine,
smoking, and intensive physical exercise starting 12 hours prior to
the tasks until the last measurement was completed. Participants
gave consent prior to participation and did not receive any form
of compensation. All data was collected anonymously (i.e., only
age, gender, and handedness were collected). All procedures
were approved by the internal Research Committee. The Research
Committee considered the study a technical validation study that
does not fall under the Dutch Medical Research Involving Human
Subjects Act (wmo0). Therefore, medical ethical approval from an
independent medical-ethics committee was not required.

Study design

All participants visited the Centre for Human Drug Research (CHDR),
Leiden, the Netherlands, twice, with a week between visits. To achieve
a balanced design, the order of the blocks was counterbalanced
using a Latin square method. Tapping tasks were conducted in the
morning and their order was identical on both visits. Each task was
performed four consecutive times, with 10-minute breaks between
sessions. Participants were given a 20-minute break between two
tapping tasks (for a schematic overview, see Figure 1). One visit lasted
approximately 4 hours.
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Finger tapping tasks

All finger tapping tasks were performed with a touchscreen laptop
(HP Pavilion x360; resolution=1920 x 1080 pixels; screen width=31
cm; screen height=17.4 cm). The tasks were developed in-house
using the Python programming language (version 3.4).3¢ The
PsychoPy library was used for stimulus presentation.’” The visual
stimuli were two white circles (radius=1 cm) placed horizontally on
the screen on a black background. The two circles were either 2.5 or
20 cm apart, corresponding to the IMFT and IFT task, respectively.
Depending on the configuration, targets were presented with or
without a visual cue. With visual cueing, one targetis visible at a time
and only when tapped correctly does this target disappear while the
other appears. Hence, a total of four tapping tasks were tested: cued
and non-cued IMFT, as well as cued and non-cued IFT (see Figure 2).

Tapping position (X and Y coordinates) and tapping time for each
tap were registered. Parameters related to speed, accuracy, fatigue
and rhythm were quantified for each of the four tapping tasks.?
We calculated the total number of taps (TNT) as a proxy for tapping
speed; the number of tapping errors (NTE), mean spatial error (SEA),
and bivariate contour ellipse area (BCA), as variables of accuracy; the
inter-tap interval standard deviation (1Ts) representing rhythm; and
the change in velocity (VEC) to capture fatigue (see Table 2 for an
overview of the tapping task parameters and Figure 3 for a visual
representation of the data output).

During all tapping tasks, participants were instructed to tap as
accurately and fast as possible for 30 seconds. Participants used the
index finger of their dominant hand during the IFT tasks, whereas
they used the index and middle finger alternately during the IMFT
tasks. Additionally, during the IFT tasks, participants were asked to
keep their elbow fixed in place on the table to prevent additional
movement compensation.

Statistical analysis

All data processing was performed via custom scripts in Python
(version 3.8).% Statistical modeling was performed using custom
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scripts as well as the ‘Ime4® and ‘emmeans’ packages® in the R
software package.*'

Repeatability

To assess the repeatability of the parameters, the available dataset
was split into two subsets to separately assess the within- and
between-day repeatability. For within-day repeatability, only
measurements from the first visit were considered. For between-day
repeatability, data from both visits was used, but from each visit the
four measurements were averaged.

For each parameter and subset, a random intercept Linear Mixed
Model (LMM) was fit. For within-day repeatability, both the intercept
and measurement number (i.e., 1to 4) were included as fixed effects.
For between-day repeatability, both the intercept and visit number
(i.e.,1and 2) were included as fixed effects. Based on the models, the
intraclass correlation coefficient (icc) was calculated by dividing the
between-subject variance by the total variance (i.e., the sum of the
between-subject variance and the within-subject error variance).*?
Excellent degree of repeatability was considered for icc values
above 0.90, good for icc values between 0.75-0.90, moderate for
Icc values between 0.50-0.75, and poorfor icc values below 0.50.%

Minimum detectable effect

To assess potential sensitivity, minimum detectable effect (MDE)
values were calculated. First, a random intercept model including
measurement number (i.e., 1 to 4) as fixed effect was fitted for each
parameter. For each fitted model, fixed intercept, random intercept
variance and residual variance were extracted. The MDE was then
calculated by multiplying the effect size by the pooled standard
deviation (i.e., the square root of the sum of the within- and between-
subject variance) and expressed in terms of percentage change
relative to the intercept value. The effect size used to calculate the
MDE was based on a paired sample t-test with a power of 0.80, a
significance level of 5% (a=0.05), and a sample size of 20 (a typical
sample size for a clinical trial).
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Effect of task configuration on performance

To assess the effect of configuration, cueing, measurement number,
and visit number, a LMM was fitted for each parameter. For each
model, the intercept, configuration (i.e., IMFT or IFT), cueing (i.e.,
cued or non-cued), measurement number (i.e., 1 to 4), and visit
(i.e., 1 or 2) were included as fixed effects. Additionally, a two-way
interaction between cueing and configuration was included as
fixed effect. Between-subject random effects were included for
the intercept. A more elaborate random structure was not possible
without running into convergence issues. Type-Iil F-statistics were
used to assess statistical significance of the fixed effects (a=0.05).
Where the interaction effect between the fixed effects was found to
be significant, post-hoc pairwise comparisons with Tukey p-value
correction were evaluated using the ‘emmeans’ package. Degrees of
freedom for F-statistic denominators as well as pairwise comparisons
were estimated via the Kenward-Roger method.*® For pairwise
comparisons, the effect size was estimated by calculating Cohen'’s
d. Effect sizes were considered small, medium, or large for values
of d smaller than 0.20, between 0.20 and 0.50, or larger than 0.80,
respectively.*

RESULTS

Two participants could not be measured due to emerging covip
restrictions, hence data from 14 participants were collected (mean
age: 25.6 * sD: 3.1; 6 females, 13 right-handed). All but one of the
participants successfully completed all measurements. For one
participant, the first four measurements were not performed due
to technical difficulties. A total of 444 tapping experiments were
performed, resulting in 61103 recorded taps.

Repeatability

The within-day repeatability of the six parameters in cued/ non-
cued IMFT and IFT tasks are presented in Table 3. Excellent to good
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repeatability was observed in the speed parameter (i.e., total
number of taps) across all tasks (Iccs>0.86). The number of tapping
errors showed good to moderate repeatability in IMFT (ICCcued=0.81,
ICChon-cued=0.69), but poor repeatability in IFT (ICCcued=0.41,1CCnon-
cued=0.08). The mean spatial error showed good repeatability
in IMFT (ICCcued=0.79, ICChon-cued=0.75), and good to moderate
repeatability in IFT (ICCcued=0.67, 1ICCnon-cued=0.84). Good to poor
repeatability was observed in the bivariate contour ellipse area in
IMFT (ICCcued=0.77, 1CCnon-cued=0.05), and good to moderate
repeatability in IFT (ICCcued=0.67, ICCnon-cued=0.84). The rhythm
parameter, inter-tap interval spb, showed good repeatability in
both IMFT tasks (ICCcued=0.86, 1ICChon-cued=0.84), while it showed
moderate to poor repeatability in IFT (ICCcued=0.20, I1CChon-
cued=0.51). The change in velocity parameter showed moderate
repeatability in IMFT (1ICCcued=0.56, ICCnhon-cued=0-58) and moderate
to poorin IFT (ICCcued=0.25, ICChon-cued=0.55).

The between-day repeatability values for the six parameters
are presented in Table 4. An excellent to good repeatability was
observed in the total number of taps across all tapping tasks (iccs:
0.78-0.97). The number of tapping errors showed excellent to good
repeatability in IMFT (ICCcued=0.96, ICChon-cued=0.81) and moderate
to poor repeatability in IFT (ICCcued=0.54, ICChon-cued=0.06). Of
the accuracy parameters, mean spatial error showed moderate to
good repeatability in IMFT (ICCcued=0.80, ICCnon-cued=0.70), and
moderate in IFT (ICCcued=0.53, ICChon-cued=0.56). The bivariate
contour ellipse area showed moderate to poor repeatability
in IMFT (1ICCcued=0.60, ICCnhon-cued=0.29), and moderate in IFT
(ICCcued=0.73, 1CCnon-cued=0.63). The rhythm parameter, inter-
tap interval sp, showed good to moderate repeatability in IMFT
(ICCcued=0.85, ICChon-cued=0.52), and good to poor repeatability
in IFT (ICCcued=0.40, ICChon-cued=0.75). The change in velocity
showed good to moderate repeatability in IMFT (ICCcued=0.79,
ICCnon-cued=0.66) and good repeatability in non-cued IFT (ICChon-
cued=0.85). For cued IFT, an 1cc could not be estimated due to the
model not converging.
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Minimum detectable effect

The calculated MDE values, expressed in percentages as well as in
absolute values, can be found in Table 5. Generally, the MDE values
for the IFT configuration were lower than for IMFT. The parameters
having the lowest MDE values were the total number of taps, the
mean spatial error, and the rhythm parameter (MDE values ranging
from 9.5%-23% in IFT, and 19%-71% in IMFT).

Effect of task configuration and cueing on tapping
performance

The results of all LMM models are presented in Table 6. The
configuration (i.e., IMFT vs IFT) had a significant effect on all
parameters. Cueing affected all parameters except the mean spatial
error. Lastly, a significant interaction effect between configuration
and cueing was found for all parameters except the total number of
taps and change in tapping velocity. None of the parameters were
affected by the measurement number, see Table 6. However, the
total number of taps, mean spatial error, and the inter-tap interval sp
were affected by visit. For the pairwise comparisons between testing
visits, see Table 7. On the second visit, participants tapped more
often than on the first visit (p<0.01). Moreover, the mean spatial error
on the second visit was higher than on the first visit (p<0.05). Finally,
the inter-tap interval sD was lower on the second visit than on the first
visit (p<0.01).

All estimated mean values for the tapping tasks, as well as all
pairwise comparisons are presented in Table 8 and Figure 4.
Participants tapped more often during IMFT than IFT, and during a
non-cued versus a cued task. In addition, more tapping errors were
made in IMFT than IFT. In the absence of the visual cue, participants
made more tapping errors in the IMFT task and fewer in the IFT task.
The mean spatial error was largerin IFT than IMFT. The non-cued task
reduced and increased the mean spatial error in the IMFT and IFT
configurations, respectively. The bivariate contour ellipse area was
significantly larger in IFT than IMFT. The non-cued task increased the
bivariate contour ellipse area only in the IFT configuration. The sp of
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the inter-tap interval was lower in the IFT configuration than in the
IMFT configuration. The absence of the visual cue reduced the sp
of the inter-tap interval only in the IFT configuration. The tapping
velocity reduced throughout a measurement in both IMFT tasks,
with a steeper reduction in the non-cued tapping task. The tapping
velocity increased throughout a measurement in cued IFT, but
reduced in the non-cued IFT.

DISCUSSION

The current technical validation study provides several key
contributions to the growing body of literature on touchscreen-
based tapping devices. To the best of our knowledge, this study is the
firstto assess the effects of cueing and task configuration on tapping
performance in a comparative manner. It is also the first study that
explicitly assesses the repeatability and MDE of tapping parameters
in healthy participants. Based on the results of the current study,
recommendations for subsequent studies are discussed.

Repeatability and minimal detectable effect

The first research question assessed the repeatability of tapping
parameters across the four tapping tasks. Establishing good within-
day repeatability is important as in clinical trials medication effects
are often repeatedly assessed in a relatively short period of time.?*
Moreover, studies determining the acute pharmacodynamic effects
of medication on a symptom, that may vary greatly between patients,
(ideally) have a crossover design. Hence, the optimal tapping task
must provide repeatable parameters for the same subject both within
and between testing visits. The within- and between-day repeatability
were comparable for all reported parameters (see Tables 3 and 4).
None of the parameters in any task showed significant changes
between the four measurements within a day. This indicates the lack
of significant learning effects when the measurements are repeated
in a relatively short period of time. However, there was a significant
effect of testing visit (the second visit occurred one week after the
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first) on the total number of taps, spatial error, and the standard
deviation of the inter-tap interval. With the increase in number of
taps at the second visit, the mean spatial error also increased. One
explanation could be that as participants were already familiar with
the task on the second visit, their priority might have shifted to speed
rather than accuracy. To summarize, the within-day repeatability of
the tapping parameters was good, but additional care should be
taken when comparing repeated measures between testing visits.

The best repeatability was found in the speed related parameters,
followed by accuracy, rhythm, and fatigue parameter. There were two
parameters where lower repeatability was observed in IFT compared
to IMFT, i.e., the number of tapping errors and the standard deviation
of the inter-tap interval (i.e., rhythm parameter). The number of
tapping errors showed lower repeatability values, especially in non-
cued IFT compared to the othertasks. Since most participants tapped
correctly, there was little to no between-subject variation in tapping
errors, lowering its 1cc value. Additionally, the between-subject
variance of the rhythm parameter was lower for IFT compared to IMFT.
This finding suggests that it was easier for most people to tap with
a steady rhythm during forearm muscle/ elbow joint driven motion
than during IMFT. Taken together, the IMFT parameters generally
resulted in better within-day repeatability than the IFT ones, mainly
driven by the increased between-subject variability in IMFT.

The second research question assessed the parameters’ sensitivity
to change in all four tapping tasks. Overall, the IFT parameters were
more sensitive compared to IMFT parameters. The total number of
taps showed moderate sensitivity in IMFT and higher sensitivity in
IFT (i.e., MDE values ranging between 9.5%-28%). Previous research
indicates that the effect sizes observed on this parameter when com-
paring PD patients in an ON versus an OFF state, and when comparing
PD patients with healthy controls, range within comparable bound-
aries.2021232527 Although less frequently reported in literature, similar
effect sizes were found in the mean spatial error and rhythm param-
eters.?%% Given that PD patients tend to tap more arrhythmically,'4
slowly,20212845 and less accurately,?28 the total number of taps, spa-
tial error and the standard deviation of the inter-tap interval could be
valuable parameters in subsequent clinical trials with patients.
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The effects of task configuration and cueing on tapping
performance

In the IMFT configuration, we found faster tapping, higher accuracy,
worse rhythm, and more fatigue than in the IFT configuration. The
inter-target distance was 8 times smaller in IMFT than IFT, thereby
reducing the travel time between two consecutive taps. IMFT rhythm
and fatigue effects, however, could primarily be explained by the
increased muscle fatigue during fine, alternating finger movement
as opposed to the upper-arm driven IFT motion.25454 Why the
increased speed was not associated with lower accuracy in IMFT,
could be explained by the position of the circles. The targets were
placed under the natural position of the fingertips, making deviations
from the center of the targets and tapping outside the target areas
inherently less likely. Despite these two tasks being interchangeably
used in the literature, researchers should be aware that IMFT and IFT
are two different tasks, and they assess distinct motor functions.

Understanding the effects of cueing in finger tapping is crucial
as cues can significantly improve motor performance in PD.3**’ In
healthy participants, cueing reduced speed and fatigue for both IMFT
and IFT, improved accuracy, and worsened rhythm for IFT. In general,
cueing had a larger effect on IFT and seemed to be less relevant
for IMFT. The effects of cueing on tapping performance might be
explained by the participant hesitating after each tap while waiting
for the next circle to appear. More importantly, however, when
participants tapped outside the target area, the next circle did not
appear. Participants halted their hand movement, returned to correct
the erroneous tap, resulting in higher inter-tap intervals, increased
variability, lower fatigue, and fewer total taps. Hence cueing, rather
than signaling the next target, provided immediate visual feedback.
Considering a time-accuracy tradeoff, the immediate feedback and
overall lower tapping speed can also account for the improved
tapping accuracy in cued conditions. To summarize, cueing seemed
to impair speed, rhythm, reduce fatigue, and improve accuracy of
healthy participants, and it probably acted as visual feedback as
opposed to a visual cue.
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Limitations and future research

The most important caveat of the current paper is that we did not
assess a PD patient group. Hence, a natural continuation of this work
would validate the IMFT and IFT against gold standard clinical scales
in a patient population (i.e., the MDs-uPDRS). Whether PD patients
perform better on IFT compared to IMFT, and whether IMFT or IFT
is more sensitive to detect medication effects will be assessed in a
currently ongoing clinical study. Moreover, the current study did
not assess the pharmacological sensitivity of the task. The optimal
tapping task(s) must also be able to detect medication changes,
otherwise, the task(s)" usefulness in clinical studies will be limited.
In addition, even though we observed an increase in tapping speed
on the second visit, we did not assess the exact nature of this effect.
Future research should address the timescale and magnitude of
testing visit effects on the tapping performance with respect to
tapping style and/or motivation. Lastly, we did notvary the duration of
the finger tapping tasks. Previous literature suggests that 30 seconds
can be sufficient to detect fatigue effects,?® without overburdening
the participants. Hence, the 30 second task length makes the set-
up suitable for repeated testing, even when conducting studies with
rapid-acting (dopaminergic) agents.

The findings, while preliminary, caution against the use of cueing
in studies involving PD patients. Previous literature suggests that
tapping speed, fatigue and rhythm are clinically relevant predictors
of both PD related bradykinesia, as well as medication effects.” 1448 In
healthy participants, cueing appears to impair the speed and rhythm
of tapping, while reducing detectable fatigue. Hence, we argue that
the tapping task set-up should be kept as simple as possible, to
accurately detect potential differences in speed, rhythm, and change
parameters, without inducing experimental noise. Additionally,
exact comparisons with other studies remains difficult as technical
specification on the implementation are not always reported (see
Table 1). We encourage researchers to report on the technical
implementation details of their tapping tasks (e.g., target distance,
cueing, and duration).
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Taken together, it seems preferable to use non-cued IFT and IMFT
versions for further (validation) studies involving a PD population.
The choice for IMFT or IFT should depend on the research question,
as these tasks assess different aspects of movement. IMFT appears
to be more difficult for most healthy participants, and one could
speculate that IMFT would also be more difficult to perform for PD
patients. For instance, Agostino showed that it is significantly more
difficult for PD patients to perform alternating finger tapping, as
opposed to pronation-supination (i.e., forearm, elbow and shoulder
driven movement),?>#54¢ and Lalvay showed that patients with severe
parkinsonism have difficulties performing alternate finger tapping as
opposed to one finger tapping.? In addition, bradykinesia appears
to worsen increasingly during isolated, sequential finger movements,
as opposed to gross hand movements.®

CONCLUSION

The current study provides evidence that the custom developed
IMFT and IFT tasks are well-functioning and repeatable measurement
tools. From a technical point-of-view, they can be used in clinical
trials assessing medication effects on bradykinesia. Recommended
parameters are total number of taps, mean spatial error, and rhythm
as they showed high repeatability and sensitivity. Moreover, the use
of cueing in finger tapping tasks is unwarranted as visually cueing
the tapping tasks can, in healthy participants, worsen tapping speed
and rhythm, while improving accuracy. The choice for IMFT or IFT,
should depend on the research question, as these tasks assess
different aspects of movement. Concluding the technical validation
step with encouraging results, the IMFT and IFT should be further
investigated in subsequent studies with PD patients and in response
to dopaminergic medication.
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TABLE 1 Summary of the various finger tapping tasks found in the literature.

TABLE 2 Tapping task parameters.

Category Parameter Definition

Speed Total number of taps (#) TNT  Sum of all taps on the screen

Accuracy Numberoftappingerrors  NTE  The number of two (or more) consecutive taps on the same

(#) target

Mean spatial error (mm) SEA  Average absolute Euclidean distance from the target's center
point

Bivariate contour ellipse BCA Based on Castet & Crossland?:

area (mm?) Abivariate contour ellipse encompassing a proportion of the

highest density of finger taps: BcA=2X?noy 0, (1-p?) where,
X?is a chi-square variable with 2 degrees of freedom; o and
oy is the sp of the horizontal (X) and vertical (Y) coordinates,
respectively; p is the product-moment correlation of the two
position components

Rhythm  Inter-tap interval sp (ms) ITs  The sp of the time between two consecutive taps

Fatigue  Velocity: change (cm/min?) vec  Alinear slope fitted on all inter-tap velocity values. Velocity
was calculated by dividing the inter-tap distance value by
the inter-tap interval

sp, standard deviation.

TABLE 3 Within-day repeatability.

Study Device Target Cueing Duration Parameters
distance
(cm)
Alternate index and middle finger tapping tasks
Arora®032 Phone N.A. N.A. N.A. Numerous. e.g. speed, rhythm,
application accuracy, fatigue
Lalvay?® Smartphone N.A. Alternating ~ 20s Regularity, rhythm, and changesin
application colors the number of taps
(‘Mementum’) (red vs green)
Tian?? Phone N.A. N.A. 30s Average number of buttons
application pressed between both hands
Alternate index finger tapping tasks
Giancardo? Arcade 25 N.A. Not clear Average number taps between
buttons (possibly 60s) hands
Lipp?’; Nutt®® Arcade 20 N.A. 60s Total number of taps
buttons
Hasan? Keyboard 20 No 30s Total number of taps, time spent on
keyboards, rhythm, and dysmetria
score
iPhone N.A. Not clear: 30s
application changing
("TapPD’) colors
Tablet N.A. Not clear: 30s
('TapPD’) changing
colors
Arroyo- Keyboard 25 N.A. N.A. Not clear (possibly the total
Gallego? number of taps)
Mitsi?*; Phoneapp  N.A. N.A. 30s Total number of taps, tap interval,
Wissel?? tap duration, and tap accuracy
Young-Lee?' Tablet 1.5 N.A. 10s Numerous. E.g. inter-tap distance,
inter-tap interval time, total
distance of a finger movement, and
tapping speed
Memedi® Touch-pad 2.7 N.A. Not clear Numerous. E.g. speed, accuracy,
with a pointer (different (possibly rhythm, and fatigue
target colors) 20s)
N.A., not available.
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IMFT IFT
Parameter 1cc (95% C1) 1cc (95% C1)
TNT (#) Cued 0.94(0.89,0.97) 0.86(0.76,0.94)
Non-cued 0.90(0.82,0.96) 0.94(0.89,0.98)
NTE (#) Cued 0.81(0.67,0.91) 0.41(0.19,0.66)
Non-cued 0.69(0.5,0.86) 0.08(-0.08,0.37)
SEA(mm) Cued 0.79(0.64,0.90) 0.63(0.43,0.82)
Non-cued 0.75(0.57,0.88) 0.76(0.60,0.89)
BCA (mm?) Cued 0.77(0.61,0.89) 0.67(0.47,0.83)
Non-cued 0.05(-0.12,0.32) 0.84(0.71,0.92)
ITS (Ms) Cued 0.86(0.76,0.94) 0.20(0.00,0.48)
Non-cued 0.84(0.72,0.93) 0.51(0.30,0.74)
VEC (cm/min?) Cued 0.56(0.34,0.77) 0.25(0.04,0.53)
Non-cued 0.58(0.34,0.78) 0.55(0.34,0.77)

TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate contour ellipse area;
ITS, inter-tap interval standard deviation; VEC, velocity: change; IMFT, alternate index and middle finger tapping; 1cc,
intraclass correlation coefficient; ci, confidence interval; IFT, alternate index finger tapping.
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TABLE 4 Between-day repeatability.

IMFT IFT
Parameter 1cc (95% cl1) 1cc (95% cI1)
TNT (#) Cued 0.97(0.93,0.99) 0.78(0.51,0.91)
Non-cued 0.86(0.68,0.94) 0.88(0.71,0.95)
NTE (#) Cued 0.96(0.89,0.98) 0.54(0.13,0.79)
Non-cued 0.81(0.58,0.92) 0.06(-0.39,0.49)
SEA(mm) Cued 0.80(0.55,0.92) 0.53(0.11,0.78)
Non-cued 0.70(0.38,0.87) 0.56(0.15,0.80)
BCA (mm?) Cued 0.60(0.21,0.82) 0.73(0.43,0.89)
Non-cued 0.29(-0.17,0.65) 0.63(0.26,0.84)
ITS (Ms) Cued 0.85(0.65,0.94) 0.40(-0.06,0.71)
Non-cued 0.52(0.01,0.78) 0.75(0.47,0.90)
VEC (cm/min?) Cued 0.79(0.53,0.91) -
Non-cued 0.66(0.30, 0.85) 0.85(0.65,0.94)

TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate contour ellipse area;
ITS, inter-tap interval standard deviation; VEC, velocity: change; IMFT, alternate index and middle finger tapping; 1cc,

intraclass correlation coefficient; ci, confidence interval; IFT, alternate index finger tapping; -, value could not be

estimated due to the model not converging.

TABLE 5 Sensitivity (MDE) estimates in percentage (%) and absolute values (Abs).

IMFT IFT
Parameter MDE (Abs) MDE (Abs)
TNT (#) Cued 28% (45) 9.5%(6.2)
Non-cued 19% (37) 11%(9.5)
NTE (#) Cued 98%(6.1) 57%(1.5)
Non-cued 49%(6.7) 150% (0.54)
SEA(mm) Cued 24%(0.73) 12%(0.54)
Non-cued 20% (0.54) 12%(0.56)
BCA (mm?) Cued 48%(22) 35%(55)
Non-cued 88% (29) 26% (55)
ITS (ms) Cued 32%(31) 23%(19)
Non-cued 71% (68) 20%(8.4)
VEC (cm/min?) Cued 90% (400)
Non-cued 43% (-370) 170% (-460)

MDE, minimum detectable effect; Abs, absolute value; TNT, total number of taps; NTE, number of tapping errors; SEA,
mean spatial error; BCA, bivariate contour ellipse area; ITS, inter-tap interval standard deviation; VEc, velocity: change;
IMFT, alternate index and middle finger tapping; -, value could not be estimated due to the model not converging; IFT,

alternate index finger tapping.
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TABLE 6 F-Testresults of fixed effects for each parameter.

Category Speed Accuracy Rhythm Fatigue
Parameter TNT NTE SEA BCA ITS VEC

F 42309 Foason F ,a23.07) F1,a23.08 F 42310 F 42310
Configuration  1412.11 *** 281.97 *** 593.15 *** 965.02 *** 80.14 *** 98.70 ***
Cueing 36.82 *** 5.61* 0.01 4.77* 5.87* 37.03 *¥**
Measurement 0.95 0.83 0.13 0.76 0.47 0.21
Visit 10.61** 0.30 7.08 ** 0.72 8.51** 0.67
Configuration 0.33 37.24 *** 16.28 *** 10.15** 12.78 *** 1.64
x Cueing

*p <0.05, ** p <0.01, *** p <0.001
TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate contour ellipse area;
ITS, inter-tap interval standard deviation; VEC, velocity: change.

TABLE 7 Occasion effects on tapping performance.

Category Speed Accuracy Rhythm Fatigue
Parameter TNT NTE SEA BCA ITS VEC
(unit) (#) (#) (mm) (mm?2) (ms) (cm/min2)
Visit 1- Visit 2 -9.86** 0.29 -0.19 ** -3.99 12.1 ** -46.1
(SE) (3.03) (0.53) (0.07) (4.7) (4.14) (56.4)

*p <0.05, ** p <0.01, *** p <0.001
SE, standard error; TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate
contour ellipse area; ITs, inter-tap interval standard deviation; VEc, velocity: change.
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TABLE 8 Effect of task configuration and cueing on tapping performance.
IMFT IFT Difference
Parameter EMMean ES EMMean ES IMFT- IFT ES
(SE) (SE) (SE)
TNT Cued 185.0 73.0 112 3.52
(8.31) (8.30) (4.25) ***
Non-cued 205.1 89.70 115 3.62
(8.34) (8.31) (4.31) ***
Diff (c-NC) -20.01 -0.63 -16.70 -0.52
(4.31)*** (4.26)***
NTE Cued 8.21 2.52 5.7 1.02
(1.19) (1.19) (0.75) ***
Non-cued 12.73 0.53 12.2 2.18
(1.20) (1.19) (0.76) ***
Diff (c-NC) -4.52 -0.81 1.99 0.36
(0.76) *** (0.75)**
SEA Cued 3.03 4.47 -1.44 -1.93
(0.1¢6) (0.16) (0.1)***
Non-cued 2.74 4.75 -2.01 -2.70
(0.16) (0.16) (0.7) ***
Diff (C-NC) 0.29 0.39 -0.28 -0.37
(0.1)** (0.01) **
BCA Cued 41.9 172.9 -131 -2.65
(10.3) (10.3) (6.6) ***
Non-cued 37.2 198.2 -161 -3.25
(10.4) (10.3) (6.7) ***
Diff (c-NC) 4.71 0.09 25.25 -0.51
(6.7) (6.6) ***
ITS Cued 84.5 62.2 22.3 0.51
(7.10) (7.09) (5.81) ***
Non-cued 89.2 37.4 51.9 1.19
(7.16) (7.10) (5.90) *¥**
Diff (c-NC) -4.77 -0.11 24.85 0.57
(5.90) (5.81)***
VEC Cued -336 152 -488 -0.82
(21) (20.9) (79.2) ***
Non-cued -751 -119 -633 -1.07
(21.9) (21) (40.4) ***
Diff (c-NC) 416 0.70 271 0.46
(91.0) *** (79.2) ***

*p <0.05, ** p <0.01, *** p <0.001
TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate contour ellipse area;

ITS, inter-tap interval standard deviation; VEC, velocity: change; IMFT, alternate index and middle finger tapping;
EMMean, estimated marginal mean; Sk, standard error; Es, effect size Cohen’s d; IFT, alternate index finger tapping;
Diff, difference; ¢, cued; NC, non-cued.
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FIGURE 1

experiments was counterbalanced using the Latin square method.

Timing and sequence of tapping tasks during both visits. The order of the

IMFT: IMFT: IMFT: IMFT: IFT: IFT: IFT:
No Cue| |No Cue| |No Cue| |No Cue No Cue| |No Cue| |No Cu

o |

IFT:
No Cu

.

| |

2 i 20 mi 20 mi
Block 1 ﬂ» Block 2 LLAULIR Block 3 LLALLLR Block 4

[ Cue

G (e e ar & & &

10 min 10 min

IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping.
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FIGURE 2 Fingertapping tasks. Figures A and B represent alternate index and middle
finger tapping (IMFT). Figures c and D represent alternate index finger tapping (IFT). In the
cued configurations (A and c), the second circle only appears when a tap inside the target was
successfully performed. B and b represent the non-cued tapping tasks.

A. IMFT: Cued B. IMFT: Non-Cued

C. IFT: Cued D. IFT: Non-Cued

FIGURE 3 Data output example.
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TNT, total number of taps; NTE, number of tapping errors; SEA, mean spatial error; BCA, bivariate contour ellipse area;
ITS, inter-tap interval standard deviation; Vec, velocity: change.
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FIGURE 4 The effects of configuration and cueing on tapping performance. Effects on
total number of taps (TNT) (A), number of tapping errors (NTE) (B), mean spatial error (SEA)
(c), bivariate contour ellipse area (BcA) (D), inter tap interval standard deviation (1Ts) (E), and
change in velocity (VEC) (F).
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Values are based on estimated marginal means; error bars represent standard error of the marginal mean.
*p <0.05, ** p <0.01, *** p <0.001, ns=not significant.
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ABSTRACT

Background MovementDisorder Society-Unified Parkinson’s Rating
Scale part 111 (MDS-UPDRS 111) is the gold standard for assessing medi-
cation effects in patients with Parkinson’s disease (PD). However, short
and rater-independent measurements would be ideal for future trials.

Objectives To assess the ability of three different finger tapping
tasks to detect levodopa/carbidopa-induced changes over time, and
to determine their correlation and compare their discriminatory power
with MDS-UPDRS I11.

Methods Randomized, double-blind, crossover study in 20 PD
patients receiving levodopa/carbidopa and placebo capsules after
overnight medication withdrawal. Pre- and up to 3.5 hours post-dose,
MDS-UPDRS 11l and tapping tasks were performed. Tasks included two
touchscreen-based alternate finger tapping tasks (index finger versus
index-middle finger tapping) and a thumb-index finger task using a
goniometer.

Results Inthe alternate indexfingertapping task, levodopa/carbidopa
compared with placebo resulted in significantly faster (total taps: 12.5
(95% confidence interval (c1), 6.7-18.2)) and less accurate tapping (total
spatial error: 240 mm (123-357 mm)) with improved rhythm (inter-tap
interval standard deviation (SD): -16.3% (-29.9%-0.0%)). In the thumb-in-
dexfingertask, tapping was significantly faster ((mean opening velocity:
151 degree/s (64-237 degree/s)), with higher mean amplitude ((8.4
degrees (3.7-13.0 degrees)) and improved rhythm ((inter-tap interval
SD: -46.4% (-63.7% to -20.9%)). The speed-related endpoints showed
a moderate-to-strong correlation with the MDS-UPDRS 111 (r=0.45-0.70).
The effect sizes of total taps and spatial errorin the alternate index finger
tapping task, and opening velocity in the thumb-index finger task were
comparable to MDS-UPDRS Iil.In contrast, the MDs-UPDRS 111 performed
better than the alternate index-middle finger task.

Conclusion The alternate index finger and the thumb-index finger
tapping tasks provide short, rater-independent measurements that are
sensitive to levodopa/carbidopa effects with a similar effect size as the
MDS-UPDRS Il1.
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INTRODUCTION

The Movement Disorder Society - Unified Parkinson'’s Disease Rating
Scale (MDs-UPDRS) is considered the gold standard for assessing
(dopaminergic) medication effects. Part 111 of the scale is often
used in clinical trials to show motor improvements after medication
intake. However, part 111 requires a trained rater who preferably
assesses a patient throughout the entire trial to avoid inter-rater
variability. Additionally, the assessment takes relatively long (i.e.,
approximately 15 minutes, but depends on the patient’s clinical
state). This makes accurate time-response assessment of fast-acting
agents challenging, especially when safety and pharmacokinetic
measurements also need to be performed. Hence, a short, rater-
independent measurement would be ideal for use in clinical trials.
Literature has shown that finger tapping can be used to show
differences between healthy controls and PD patients,>’ and
between medication states (ON/OFF).3>487 Moreover, various finger
tapping configurations have shown correlation with the MDs-UPDRS
parti11.3¢819 However, the set-up and devices used for these tapping
tasks vary among studies and it is unclear which is best suitable
for determination of medication effects in randomized placebo-
controlled trials.

In this randomized, double-blind, placebo-controlled trial,
we assessed the response to dopaminergic medication during
an induced OFF state in PD patients by using the gold standard
MDS-UPDRS 11l as well as three different tapping tasks. For this,
two touchscreen-based alternate finger tapping tasks (with 2.5
or 20 cm between targets) and a task using a goniometer that
assesses angular movement during thumb-index finger tapping,
were developed in-house. The aim was to validate these tapping
tasks by demonstrating their ability to detect and quantify acute
pharmacodynamic effects over time. Moreover, we evaluated
whetherthe finger tapping endpoints correlated with MDS-UPDRS I11.

CHAPTER 6 - SENSITIVITY OF FINGER TAPPING TO MEDICATION EFFECTS IN PD PATIENTS
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METHODS

This study is registered in the Netherlands Trial Register (Trial NL8617),
and was conducted at the Centre for Human Drug Research (Leiden,
the Netherlands) between July and November 2020.

Study design

This was a randomized, double-blind, placebo-controlled, two-way
crossover study in 20 PD patients. A sample size of 18 was considered
sufficient to show a treatment effect based on a paired t-test with
80% power and a two-sided alpha level of 5%, assuming an expect-
ed difference on the best response of 8 total taps (sp=7) between
placebo and treatment.”” To be conservative, it was decided to
include 20 patients. The study consisted of a screening visit followed
by two treatment periods of two days each, with a 1-week washout
between periods. Patients were randomized 1:1 to one of two treat-
ment sequences (levodopa/carbidopa - placebo, or vice versa). The
randomization code was generated using SAS v9.4 by a study-inde-
pendent statistician. Patients were instructed to withhold their own
anti-Parkinson medication in the evening prior to treatment in both
treatment periods. Patients were dosed the next morning when in
an OFF state, as assessed by the physician. Patients were allowed to
resume their own medication 110 minutes after dosing, or, if feasible for
the patient, after the last efficacy assessments 210 minutes post-dose.

Participants

PD patients with self-described motor fluctuations and recognizable
OFF periods aged between 20-85 years with Hoehn and Yahr stage
I-111 were eligible for participation. In addition, patients had to be
levodopa responsive as evidenced by current or historical use of
levodopa. Reasons to exclude a patient were a previous intolerance,
a potentially relevant interaction of co-medication with or a contra-
indication to levodopa and/or carbidopa. Patients were ineligible
when the levodopa equivalent dose (LED) of their morning medica-
tion exceeded 500 mg.
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Investigational drugs

To ensure blinding, levodopa/carbidopa 100/25 mg (Sinemet)
tablets were over-encapsulated in 00 gelatin (Swedish orange)
capsules. Similarly, placebo tablets were over-encapsulated.
Patients received a semi-individualized dose based on the LED of
their morning medication. To calculate the LED, conversion factors as
described by Tomlinson et al were used.' For long-acting dopamine
agonists, only 25% of their LED was included, since only their acute
effect was of importance for calculation of the morning LED. Finally,
the LED was multiplied by 1.25 to ensure a supramaximal dose was
given that was at least 25% higher than the usually administered
morning dose (to ensure OFF-ON transition). This supramaximal LED
was rounded up to a whole number of levodopa/carbidopa 100/25
mg (or placebo) capsules that was required for that patient. Since
food, and especially proteins can affect the absorption of levodopa,
study drug administration occurred at least 1 hour after finishing a
protein-restricted breakfast and food was not allowed until 1 hour
after dosing.

Safety

Patients enrolled in this study were already using levodopa or had
used it in the past. Therefore, they were expected to tolerate the
study treatment well. Nonetheless, subject safety was evaluated
by monitoring of adverse events throughout the study, and by
examining the patient’s vital signs, ECG and physical/neurological
examination before discharge. As no notable changes were
observed, these data are not shown.

Outcome measures
MDS-UPDRS

MDS-UPDRS part 11l was used to assess motor function. Physicians
administering the scale were trained in its use. To the degree feasible,
the same physician evaluated a patient during both treatment
periods at Day -1 (day before dosing) and at Day 1 pre-dose and 10,
30, 60, 90 and 210 minutes post-dose. The last measurement was
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only performed when the patient had not yet resumed their own
medication.

TOUCHSCREEN-BASED TAPPING TASKS'

1 Alternate index and middle finger tapping: task in which the
patient was instructed to alternately tap with the index and
middle finger on two circles (radius 1.2 cm) spaced 2.5 cm apart
(Figure 1A).

2 Alternate index finger tapping: task in which the patient was
instructed to alternately tap with the index finger on two circles
(radius 1.7 cm) spaced 20 cm apart (Figure 18).

For both tasks, the instructions were to tap as accurately and as fast

as possible for 30 seconds with the hand most affected by pPD (or

the dominant hand if both sides were equally affected). Calculated
endpoints were: total number of taps, total taps inside the target,
ratio good: total taps, number of halts, mean inter-tap interval, sp of
inter-tap intervals, inter-tap interval change, mean spatial error, sD
of spatial error, spatial error change, and total spatial error. Refer to
Supplemental Table 1 for a description of each endpoint.

THUMB-INDEX FINGER TAPPING

A goniometer (Biometrics Ltd, uk) placed on the proximal phalanx
and metacarpal of the index finger of the most affected (or dominant
if both sides were equally affected) hand measured the angle of the
index finger (Figure 1¢). Patients were instructed to tap the index
finger onthe thumb as quickly and as wide as possible for 15 seconds.
Calculated endpointsincluded: total number of taps, mean inter-tap
interval, sD of inter-tap intervals, inter-tap interval change, mean
tapping amplitude, tapping amplitude change, peak frequency area
under the curve (Auc), angle frequency change, and mean opening
and closing velocity (Supplemental Table 1).

Patients were trained on all three tapping tasks twice on Day -1
and once on Day 1 pre-dose. These measurements were not used
in the analysis. Finger tapping tasks included in the analyses were
performed on Day 1 pre-dose (double baseline) and approximately
10, 25, 45, 60, 75, 90, 105, and 210 minutes post-dose (if time points
coincided with MDS-UPDRS 111, then finger tapping tasks were
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performed first, followed by MDs-UPDRS 111). The last measurement
was only performed when the patient had not yet resumed their own
medication.

Data exclusion

In case the ratio good: total taps was <0.3 in the alternate index and
middle finger tapping task, inter-tap interval parameters (mean, sb,
change) and number of halts could not be reliably calculated, so
were excluded from analysis. One patient seemed unable to correctly
perform and/or the device did not correctly record the alternate
index and middle finger tapping, so this task was completely
excluded from analysis for this patient.

Statistical analysis

Analyses were performed using sAS v9.4. To detect significant
treatment effects on the primary endpoints, each endpoint was
analyzed using a mixed model analysis of variance with period,
treatment, time, and treatment by time as fixed factors, subject
and subject by time as random factors, and the average baseline
measurement as covariate. Homoscedasticity assumption of the
mixed modelling framework was relaxed by allowing separate
variance estimates for each treatment. Within the model, the contrast
levodopa/carbidopa versus placebo was calculated based on all
post-dose measurements. In case of non-normality, endpoints with
positive numerical results were re-analyzed after log-transformation.
For ten endpoints, no models could be fitted since they violated the
normality assumption, even after log-transformation.

Pearson’s or Spearman’s (in case of non-normal or log-normal
data) correlation was used to evaluate the relationship between
finger tapping endpoints and MDS-UPDRS Il at a selected time
point (90 min for MDS-UPDRS and 105 min (after completion of MDs-
UPDRS at 90 min) for tapping). Correlation analysis was performed
for placebo and levodopa/carbidopa separately. The strength of the
correlation was classified as weak (r<0.40), moderate (r=0.40-0.59),
strong (r=0.60-0.79) or very strong (r=0.80-1.0).
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For both analyses, a p-value of <0.05 was used as cut-off for
determining significance. No correction for multiple testing was
performed due to the exploratory nature of this studly.

Standardized effect sizes were calculated by dividing the Least
Squares Means (LSMs) difference (levodopa/carbidopa - placebo)
by the pooled sb of the treatment effect. The pooled sp was calculated
with the formula described by Brown et al.’ A Hedge's g correction
was done to account for small sample size. Effect sizes were calculated
for comparison of endpoints and tasks, but are notintended for future
power calculations (model-based estimates to be used).

RESULTS

Baseline characteristics

The number of patients screened, randomized, completed
and analyzed are summarized in the consoRT flow diagram in
Supplemental Figure 1. Table 1 outlines the demographics and
baseline characteristics of the 20 PD patients that completed the
study. Most (95%) patients received a levodopa-containing agent
as part of their regular medication regimen. Supramaximal morning
LED ranged between 47 and 391 mg. Therefore, patients received
between 1-4 capsules of levodopa/carbidopa 100/25 mg and
placebo in arandomized order.

Overall task performance

For 6 out of 20 PD patients, the alternate tapping task with the index
and middle finger was sometimes difficult to correctly perform.
Difficulty was being defined as having a ratio of good: total taps less
than 0.3 on at least 4 of 22 performed tests (but this reached up to
17 of 22 tests). Difficulties were approximately equally divided over
placebo and levodopa/carbidopa tests. One patient seemed unable
to correctly perform and/or the device did not correctly record the
alternate index and middle finger tapping. This was concluded
based on taps only being recorded during the first few seconds or by
gaps of >10 seconds where no taps were recorded (in the absence of
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freezing). With the alternate index finger tapping and thumb-index
finger tapping tasks, the patients usually did not experience any
difficulties. However, the goniometer devices used for the thumb-
index finger tapping task turned out fragile and broke in a few
instances. This led to missing data for one patient after placebo, and
two patients after levodopa/carbidopa treatment.

Treatment and treatment by time effects

After placebo treatment, 14 out of 20 patients had to resume their
own Parkinson’s medication prior to the last assessment planned at
3.5 hours post-dose. After levodopa/carbidopa, this was 6 out of 20.
Meaning that the MDS-UPDRS 111 and finger tapping measurements
at 3.5 hours were performed in n=14 levodopa/carbidopa- and n=6
placebo-treated patients.

Table 2 shows treatment and treatment by time effects for the
gold standard MDs-UPDRS 111 and the three tapping tasks. In Figure 2,
the LSMs (geometric LSMs for back-transformed data) change from
baseline data over time are depicted for MDS-UPDRS 111 and a subset
of three endpoints of each tapping task that showed to be significant
in Table 2. For graphs of the other finger tapping endpoints, refer to
Supplemental Figure 2.

The MDs-UPDRS 11l showed a significant treatment effect and
treatment by time interaction effect (Table 2), as is also visualized in
Figure 2A. For the alternate index and middle finger tapping task, it
was shown that levodopa/carbidopa compared to placebo resulted
in significantly faster (i.e., lower mean inter-tap interval) and more
accurate tapping (i.e., more total taps inside target and higher ratio
good: total taps) (Table 2, Figure 2B). No significant treatment effect,
but a significant treatment by time interaction effect was found for
the total number of taps, indicating that at least at one time point
there was a significant difference between placebo and levodopa/
carbidopa. Even though a significantly lower inter-tap interval sp, i.e.,
improved rhythm, was found for levodopa/carbidopa compared to
placebo, it did not show a clear time-related response (Figure 2B).
Spatial error and number of halts were not significantly different
between active and placebo treatment.
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Also in the alternate index finger tapping task, significantly faster
tapping (increased total number of taps, and as a result, total taps
inside the target) was observed after levodopa/carbidopa compared
to placebo treatment (Table 2, Figure 2c). In contrast, accuracy was
significantly reduced as observed by a higher mean and total spatial
error. Lastly, levodopa/carbidopa compared to placebo resulted in
a better tapping rhythm as observed by a lower sb of the inter-tap
intervals, which showed a clear time-related response.

In the thumb-index finger tapping task, levodopa/carbidopa did
not only result in significantly faster tapping (higher mean opening
and closing velocities), but also in an increased mean tapping
amplitude (Table 2, Figure 2D). Another measure of amplitude, peak
frequency area under the curve, was also significantly higher after
levodopa/carbidopa than placebo treatment. As in the alternate
index and middle finger tapping task, total number of taps did not
show a significant overall treatment effect but did show a significant
treatment by time interaction effect. sD of the inter-tap intervals
was again lower in the levodopa/carbidopa than in the placebo
group, indicating improved rhythm. No significant treatment effect
on fatigue, i.e., a decrease in tapping amplitude over time, was
observed.

To enable the comparison of endpoints within and between tasks,
standardized mean differences (Hedge's g) between levodopa/
carbidopa and placebo treatment were calculated (Supplemental
Figure 3). This shows that alternate index finger tapping and thumb-
index finger tapping had higher standardized effect sizes than
alternate index and middle finger tapping. The endpoint in the
alternate index and middle finger tapping task with the highest
standardized effect size was the ratio of good: total taps. For
alternate index finger tapping, these were total number of taps and
total spatial error. For thumb-index finger tapping, the opening and
closing velocity had the highest standardized effect sizes, followed
by the amplitude endpoints and inter-tap interval sp. Four of these
endpoints had a standardized effect size that was similar to that of the
MDS-UPDRS IIl, namely the total number of taps and the total spatial
errorin the alternate index finger tapping task, and the opening and
closing velocity in the thumb-index finger tapping task.
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Correlation with MDS-UPDRS 111

At 1.5 hours post-dose, none of the alternate index and middle finger
tapping endpoints correlated with MDS-UPDRS 111 total score except
for total spatial error after levodopa/carbidopa treatment (Pearson'’s
r=0.50, p=0.0306)(Table 3).

In the alternate index finger tapping task, the total number of
taps showed a significant moderate correlation with MDS-UPDRS 111
in both the placebo (Pearson’s r=-0.45, p=0.0454) and levodopa/
carbidopa (Pearson’s r=-0.45, p=0.0457) group. Similarly, the mean
inter-tap interval was significantly correlated with MDS-UPDRS 111,
but only in the placebo group (Spearman’s r=0.50, p=0.0249). The
accuracy parameters, total taps inside the target and ratio good: total
taps, significantly correlated with MDs-UPDRS 111 in the levodopa/
carbidopa group (Pearson’s r=-0.55 and p=0.0120; Spearman’s
r=-0.45 and p=0.0446 respectively). For the other accuracy and
rhythm parameters, no correlation was found.

Inthe thumb-index finger tapping task, all speed parameters had a
strong correlation with MDS-UPDRS 111 in the placebo group (rranging
between -0.65 and 0.70). Closing velocity also showed a moderate
correlation with MDS-UPDRS 111 in the levodopa/carbidopa group
(Pearson’s r=-0.50, p=0.0426). No other significant correlations
were found except for a strong correlation of inter-tap interval sb
with MDS-UPDRS 111 in the levodopa/carbidopa group (Spearman’s
r=0.66, p=0.0037).

DISCUSSION

In this randomized, placebo-controlled trial, we assessed the ability
of three different finger tapping tasks to detect and quantify acute
pharmacodynamic effects of dopaminergic medication. Moreover,
we investigated whether the finger tapping endpoints correlated
with the MDS-UPDRS 111 score. The advantage of finger tapping over
the MDS-UPDRS 11 is its short duration and rater independence. The
short duration allows for frequent assessments and thus for a better
detection of the onset of pharmacodynamic effects. Since no trained
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rater is required, it is logistically easier to perform the task during a
clinical trial, but also allows for testing at home. To our knowledge,
thisis the firsttime these tapping tasks have been directly compared
to the MDS-UPDRS Il in a placebo-controlled study.

Both the alternate index finger tapping and thumb-index finger
tapping tasks showed significant differences between levodopa/
carbidopa and placebo treatment, with effect sizes comparable to the
MDS-UPDRS IIl. PD patients were able to perform both tasks without
difficulties. The goniometer used for the thumb-index finger tapping
task was quite fragile and broke several times. In a clinical trial setting
where backup devices are available this is not a major problem, but
it does make the task unsuitable for at-home testing. In contrast, the
alternate index finger tapping only requires a touchscreen tablet and
therefore would also be suitable for testing of medication effects or
disease progression overtime in an at-home setting.

For the alternate index finger tapping task, endpoints relating
to speed (i.e., total number of taps) and accuracy (i.e., total spatial
error) performed best. An increased speed was associated with
reduced accuracy. Such a trade-off between speed and accuracy
has previously been described in Parkinson’s disease patients,®'®
even though not consistently.® Different results between studies
might have been obtained due to differences in the test set-up,
as well as in how accuracy was calculated (e.g., on a continuous
scale vs. inside/outside target). In the alternate index finger
tapping task, rhythm was also significantly improved (i.e.,
lower geometric mean of inter-tap interval sp) after levodopa/
carbidopa compared to placebo, albeit with a lower effect size
than the speed and accuracy endpoints. The total number of taps
correlated moderately with the MDS-UPDRS Iil. In contrast, the total
spatial error and the inter-tap interval sp, which showed significant
treatment effects with a time-related response, did not correlate
with MDS-UPDRS 111. This might be because they quantify aspects of
tapping performance that are not captured by (parts of) the MDs-
UPDRS III. Therefore, despite the absence of a correlation, they can
be valuable additional endpoints in drug efficacy trials. Particularly
the total spatial error since it has an effect size comparable to that
of the MDS-UPDRS 111
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In the thumb-index finger tapping task, levodopa/carbidopa
compared to placebo resulted in faster tapping with a bigger
amplitude and improved rhythm. This is in line with previously
reported results on thumb-index finger tapping when on and oFF
states were compared.>® When comparing all endpoints, mean
opening and closing velocity had the largest effect sizes, which
were comparable to that of the MDs-UPDRS 11l In addition, both
endpoints showed a moderate-to-strong correlation with the mbs-
UPDRS I11. The sD of the inter-tap intervals also showed a significant
difference between levodopa/carbidopa and placebo, but with a
smaller effect size than the opening and closing velocity. Moreover,
the inter-tap interval sb showed a strong correlation with the mDs-
UPDRS Il in the levodopa/carbidopa group and a trend towards
a moderate correlation in the placebo group. The mean tapping
amplitude and peak frequency Auc, both measures of amplitude,
showed a significant treatment effect with a similar effect size. Since
they performed equally, butthe peak frequency Auc requires a more
difficult formula and therefore might be harder to interpret, the
mean tapping amplitude is preferred for use in future studies. Mean
tapping amplitude did not correlate with MDS-UPDRS 111, which was
in contrast to the strong correlation (r=-0.79) reported by Ling et al.
in PD patients when ofFF.°> No medication effects on fatigue, i.e., a
changeintapping amplitude overtime, were observed. Thisisin line
with what is reported for other thumb-index finger tapping tasks.5>?
However, the lack of an effect might be related to the relatively short
task duration of 15 seconds in all of these tasks. By increasing the task
duration, one might enhance fatigue, and thereby leave more room
to show improvement by medication.

Of the three tapping tasks, the alternate index and middle finger
tapping task performed worst, i.e., had the lowest effect sizes. Its
effect sizes were also below that of the gold standard MDs-UPDRS
1. Moreover, the task was sometimes difficult to perform for the PD
patients, resulting in a high percentage of same-sided double taps.
This is likely the result of the patients not lifting their finger from the
touchscreen before tapping with the other finger, resulting in two
fingers touching the screen simultaneously. With the used set-up,
this was recorded as a single tap. The number of tests with more than
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70% of same-sided double taps (i.e., a ratio good: total taps <0.3)
was approximately balanced over placebo and levodopa/carbidopa
treatment. Nevertheless, the ratio good: total taps on a continuous

TABLE 1 Demographics.

All pD patients (N=20)

Age (years)

scale was significantly different between placebo and levodopa/ Median (range) 61(48-70)

carbidopa treatmentand showed a time-related response. The same Mean (sp) 60.6(6.0)

holdstrue for the total taps inside the target, albeit with a lower effect M1 (kg/m?)

size. In contrast, the mean and sb of the inter-tap intervals showed Median (range) 27(23-30)

a significant treatment effect, but no clear time-related response, Mean (sp) 26.5(2.5)

. . . . . . Sex (n/n (%/%))

making it possible that these were chance findings due to multiple Fomalo/Male 514 (30/70)

testing. None of the alternate index and middle finger tapping Race (n (%))

endpoints with significant treatment or treatment by time interaction White 20(100)

effects showed a correlation with the Mbs-UPDRS 111 score. Overall, Hoehn and Yahr stage at screening (n (%))

the problems with correctly performing/recording the alternate Stage 1 7(35)

index and middle finger tapping task, combined with the relatively Stage 2 7(35)
Stage 3 6(30)

small effect sizes, make the task in its current configuration the least
suitable for efficacy studies including PD patients.

MDS-UPDRS 111 total score on the day prior to dosing (i.e., when using regular medication)

Median (range), placebo treatment 23(7-52)

In conclusion, the alternate index finger tapping and thumb-index Mean (sp), placebo treatment 24.2(13.1)
finger tapping tasks provide short, rater-independent measurements Median (range), active treatment 22(5-70)
that are sensitive to dopaminergic medication effects and have a Mean (sp), active treatment 24.6(14.7)
similar effect size as the MDs-UPDRS 111. When including these tasks Concomitant pb medication (n (%))
in future trials, at least the following endpoints should be included: Levodopa-containing agents 19(95)
total number of taps and total spatial error (for alternate index finger S;Zi?:g?biif:m lgg?)
tapping), and opening or closing velocity, mean tapping amplitude MAG-B inhibitors 2(10)
and inter-tap interval sp (for thumb-index finger tapping). Even Amantadine 4(20)
though spatial error and amplitude did not correlate with mDs- Deep brain stimulation (bilateral subthalamic nucleus) 2 (10)

UPDRS 111, they should be included in future placebo-controlled
efficacy trials, since they show a clear difference between active and

Levodopa Equivalent Dose (mg)?

Median (range)

275(47-391)

placebo treatment, as well as a time-related response. Since these Mean (sD) 2462 (1125)
measurements only take 15 to 30 seconds, they can be performed Number of capsules”
y 5 3 ' y p Median (range) 3(1-4)

repeatedly during clinical trials and are therefore expected to better
detect onset of effect and time to reach maximum effect than the

Mean (sD)

3(1)

a. Supramaximal levodopa equivalent dose of the morning medication (for calculation, refer to the Methods). /

b. Number of levodopa/carbidopa 100/25 mg or placebo capsules administered in this study.

sD, standard deviation; BMI, body mass index; MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale part i11; PD, Parkinson’s disease; cOMT, catechol-O-methyltransferase; MAO-B, monoamine oxidase B.

MDS-UPDRS Il1. The alternate index finger tapping task may also be
suitable for testing new drugs or monitoring disease progression in
an at-home setting.
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TABLE 2 Per endpoint, Least Squares Means, Least Squares Means change from baseline,
p-values of the treatment and treatment x time effects, and the estimated difference for the
levodopa/carbidopa-placebo contrast with its 95% ci are shown.

Category Parameter Least Squares Treat- Treat- Contrast Least Squares

(unit)2 Means ment ment levodopa/ Means change
p-value x Time carbidopa vs from baseline
p-value placebo (95% ClI)
Placebo Levodopa/ Placebo Levodopa/
carbidopa carbidopa

MDS-UPDRS Il total score

Gold MDS-UPDRS 111 343 27.0 0.0014  <.0001 -7.3 -0.7 -8.0

standard (-11.6,-3.0)

Alternate index and middle finger tapping®

Speed Total number 81.3 87.5 0.2173 0.0052 6.3 -8.9 2.7
of taps (-3.9,16.4)
Mean inter-tap ~ 389.5 317.3 0.0198 0.1106 -18.5% 153%  -6.0%
interval (ms) (-31.2%,-3.5%)

Accuracy Total taps 75.0 86.6 0.0308 0.0001 11.6 -10.3 1.4
inside target (1.1,22.1)
Ratio good: 0.59 0.72 0.0006 <0.0001 0.14 -0.1 0.0
total taps (0.07,0.21)
Total spatial 470.4 428.5 0.2629 0.1974 -41.9 -6.2 -48.1
error (mm) (-116.9,33.0)
Mean spatial 5.6 5.0 0.0950 0.3893 -12.0% 10.6%  -2.7%
error (mm) (-24.4%, 2.4%)

Rhythm  Inter-tap 219.7 162.8 0.0304  0.2219 -25.9% 21.6%  -9.9%
interval sb (ms) (-43.4%, -3.0%)
Spatial error sp 2.2 2.0 0.4203 0.1024 -8.3% 1.6% -6.9%
(mm) (-26.2%,13.9%)
Numberofhalts 3.2 3.4 0.6975 0.2483 0.2(-0.7,1.1) -0.1 0.0

Alternate index finger tapping®

Speed Total numberof  66.1 78.6 0.0001 <.0001 12.5 2.4 10.0
taps (6.7,18.2)

Accuracy Totaltapsinside 55.5 63.2 0.0260  <.0001 7.7 -2.5 5.1
target (1.0,14.4)
Total spatial 719.0 959.3 0.0002  <.0001  240.3(123.3, -29.7 210.6
error (mm) 357.3)
Mean spatial 10.8 12.0 0.0205  0.6719 1.2 0.0 1.2
error (mm) (0.2,2.2)

Rhythm  Inter-tap interval  52.3 43.8 0.0494  0.0307 -16.3% 8.9% -8.8%
sD (ms) (-29.9%,-0.0%)
Spatial error sp 4.5 4.9 0.2830 0.1083 7.6% 3.7% 11.6%

(mm)

(-6.1%, 23.3%)
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[continuation of Table 2]

Category Parameter Least Squares Treat- Treat- Contrast
(unit)@ Means ment ment levodopa/
p-value x Time carbidopa vs
p-value placebo (95% ClI)

Least Squares
Means change
from baseline

Placebo Levodopa/ Placebo Levodopa/

carbidopa carbidopa
Thumb-index finger tapping
Speed Total numberof  46.1 52.6 0.0633 <.0001 6.5 -1.5 5.0
taps (-0.4,13.4)
Mean opening 372.2 522.7 0.0013 <.0001 150.5 -62.9 87.6
velocity (64.2,236.8)
(degree/s)
Mean closing 479.1 659.0 0.0028 <.0001 180.0 -90.4 89.5
velocity (67.0,292.8)
(degree/s)
Amplitude Mean tapping 27.4 35.7 0.0009 <.0001 8.4 -4.9 3.4
amplitude (3.7,13.0)
(degree)
Peak frequency 107.4 187.8 0.0089 0.0034 80.4 -44.9 355
AuUC (degree?) (21.8,138.9)
Rhythm  Inter-tapinterval 62.4 334 0.0028 0.0004 -46.4% 24.8%  -33.1%
sD (ms) (-63.7%, -20.9%)
Fatigue  Tapping -0.34 -0.50 0.1781 0.9049 -0.16 0.0 -0.2
amplitude (-0.40,0.08)
change
(degree/s)

P-values <0.05 are shown in bold.

a. For log transformed parameters, Geometric Least Square Means are given, and estimates of the contrast with their
95% confidence intervals are back-transformed and therefore given in percentages. / b. The analysis results of inter-
tap interval change (ms/min) and spatial error change (mm/min) have not been reported because they violated the
normality assumption. / c. The analysis results of ratio of good: total taps, inter-tap interval change (ms/min), mean
inter-tap interval (ms), number of halts, and spatial error change (mm/min) have not been reported because they
violated the normality assumption. / d. The analysis results of angle frequency change (Hz/min), inter-tap interval
change (ms/min), and mean inter-tap interval (ms) have not been reported because they violated the normality
assumption.

c1, confidence interval; MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part 111;
sD, standard deviation; AuC, area under the curve.
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TABLE 3 Correlation between each finger tapping endpoint and MDs-UPDRS 111 total score. FIGURE 1 Depiction of the 3 finger tapping tasks: alternate index and middle finger tapping
(A), alternate index finger tapping (B), and thumb-index finger tapping (c).

Category Parameter Placebo Levodopa/carbidopa
r P-value r P-value f ; r .
Alternate index and middle finger tapping e :
Speed Total number of taps 0.08 0.7381 0.31 0.1935
Mean inter-tap interval -0.11 0.6599 -0.41 0.1001
Accuracy Total taps inside target 0.06 0.8165 0.28 0.2478
Ratio good: total taps -0.17 0.4899 -0.23 0.3379
Total spatial error 0.30 0.2159 0.50 0.0306
Mean spatial error 0.35 0.1389 0.32 0.1769
Rhythm Inter-tap interval sD -0.06 0.8101 -0.10 0.6889
Spatial error sp -0.10 0.6931 0.02 0.9401
Number of halts 0.22 0.4029 0.22 0.3959
Fatigue Inter-tap interval change 0.14 0.5928 0.23 0.3758
Spatial error change -0.04 0.8635 0.37 0.1189
Alternate index finger tapping
Speed Total number of taps -0.45 0.0454 -0.45 0.0457
Mean Inter-tap interval 0.50 0.0249 0.21 0.3764
Accuracy Total taps inside target -0.39 0.0849 -0.55 0.0120
Ratio good: total taps -0.24 0.3140 -0.45 0.0446
Total spatial error -0.23 0.3365 -0.04 0.8528
Mean spatial error 0.11 0.6482 0.29 0.2123
Rhythm Inter-tap interval sD 0.25 0.2822 0.32 0.1733
Spatial error sp -0.06 0.7906 0.10 0.6784
Number of halts -0.16 0.5022 -0.10 0.6703
Fatigue Inter-tap interval change -0.05 0.8397 -0.26 0.2661
Spatial error change 0.12 0.6143 0.16 0.4984
Thumb-index finger tapping
Speed Total number of taps -0.65 0.0024 -0.21 0.4255
Mean Inter-tap interval 0.70 0.0013 0.17 0.5249
Mean opening velocity -0.66 0.0027 -0.24 0.3628
Mean closing velocity -0.65 0.0025 -0.50 0.0426
Amplitude Mean tapping amplitude -0.27 0.2748 -0.41 0.1021
Peak frequency Auc -0.28 0.2376 -0.29 0.2553
Rhythm Inter-tap interval sp 0.45 0.0586 0.66 0.0037
Fatigue Inter-tap interval change -0.09 0.7160 -0.22 0.3886
Tapping amplitude -0.11 0.6577 0.11 0.6732
change
Angle frequency change 0.08 0.7418 0.26 0.3201

P-values <0.05 are shown in bold. Correlation coefficient r and p-value are given for both the placebo and the
levodopa/carbidopa group. For parameters in italics, no model could be fitted.

MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part 111; sD, standard deviation;
AUC, area under the curve.
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FIGURE 2 (G-)LSM change from baseline with 95% confidence intervals plotted over time

for MDs-UPDRs 111 (A) and for 3 endpoints of the alternate index and middle finger tapping (B),

alternate index finger tapping (c), and thumb-index finger task (D).

A. MDS-UPDRS IlIl TOTAL SCORE

Gold standard
MDS-UPDRS I

0
' LsM change from baseline LsM change from baseline

LsM change from baseline

LsM change from baseline

G-LSM, geometric-least square means; LSM, least square means; MDS-UPDRS 111, Movement Disorder Society-Unified
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SUPPLEMENTARY MATERIAL

SUPPLEMENTAL TABLE 1 Description of finger tapping endpoints.

Endpoint (unit) Definition Calculated for task
Total number of taps Sum of all taps. IMFT, IFT, TIFT
Total taps inside target  Taps within the target circle. IMFT, IFT

Ratio good: total taps ~ Taps on the correct side (left/right) of the screen divided by total IMFT, IFT

number of taps.

Mean inter-tap interval
(ms)

Mean time between two consecutive taps.

IMFT, IET, TIFT

Inter-tap interval SD (ms)

Standard deviation of all inter-tap intervals.

IMFT, IFT, TIFT

Inter-tap interval
change (ms/min)

Change of the inter tap intervals over time.

IMFT, IFT, TIFT

Number of halts Number of taps where the inter-tap interval is larger than 2 * IMFT, IFT
mean inter-tap interval.
Total spatial error (mm) Sum of the Euclidean distances between each tap and the IMFT, IFT
center of the target.
Mean spatial error (mm) Total spatial error divided by total number of taps. IMFT, IFT
Spatial errorsp (mm)  Standard deviation of Euclidean distances of each tap fromthe  IMFT, IFT
targets’ center point.
Spatial error change Slope from linear regression of each tap's spatial error against ~ IMFT, IFT
(mm/min) time.
Mean tapping Mean of each finger tap’s maximum amplitude. TIFT
amplitude (degrees)
Tapping amplitude Change of tapping amplitude over time. TIFT
change (degrees/s)
Peak frequency area The total power around the peak frequency, i.e., the area TIFT
under the curve under the curve (Auc) in the power spectrum around the peak
(degrees?) frequency. Measure of amplitude.
Angle frequency Change in peak tapping frequency over time. TIFT
change (Hz/min)
Mean opening velocity Average of the amplitude (i.e., angle) travelled per second TIFT
(degrees/s) for each tap when moving the index finger away from the
thumb (opening); velocity extracted from the derivative of the
amplitude.
Mean closing velocity  Average of the amplitude (i.e., angle) travelled per second TIFT

(degrees/s)

for each tap when moving the index finger towards the
thumb (closing); velocity extracted from the derivative of the
amplitude.

IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping; TIFT, thumb-index finger tapping.
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SUPPLEMENTAL FIGURE 1

ENROLLMENT

Assessed for eligibility

cONsORT flow diagram.

(n=31)

Excluded (n=11)

« Not meeting inclusion criteria
(n=7)

« Declined to participate (n=1)

« Other reasons (travel
restrictions due to covid-19,
no OFF state pre-dose, study
full) (n=3)

Randomised (n= 20)
v

l ALLOCATION

Allocated to levodopa/
carbidopa followed by
placebo (n=10)

Received allocated
intervention (n=10)
Did not receive
allocated intervention

(n=0)

(n

Lost to follow-up (n=0)

Discontinued intervention

=0)

.

Analysed (n=10)

Failed TIFT data
collection (dysfunctional
goniometer, patient #13
and #15 after levodopa/
carbidopa treatment)
(n=2, levodopa/
carbidopa)

CcoNsORT, Consolidated Standards of Reporting Trials; TIFT, thumb-index finger tapping; IMFT, alternate index and

middle finger tapping.
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FOLLOW UP

ANALYSIS

l

Allocated to placebo
followed by levodopa/
carbidopa (n=10)

Received allocated
intervention (n=10)
Did not receive
allocated intervention

(n=0)

Lost to follow-up (n=0)

Discontinued intervention

Analysed (n=10)

.

Excluded from IMFT
analysis (task not
correctly recorded/
performed by patient
#17) (n=1, both arms)
Failed TIFT data
collection (dysfunctional
goniometer; patient #14
after placebo treatment)
(n=1, placebo)

SUPPLEMENTAL FIGURE 2

(Geometric-) Least squares means ((G-)LsM) change from

baseline with 95% confidence intervals plotted over time for the endpoints of the alternate
index and middle finger tapping, alternate index finger tapping, and thumb-index finger
tapping that were not depicted in Figure 2.
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SUPPLEMENTAL FIGURE 3 Standardized effect sizes.
Standardized Effect Size
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ABSTRACT

Background The validation of objective and easy-to-implement
biomarkers that can monitor the effects of fast-acting drugs among
Parkinson’s disease (PD) patients would benefit antiparkinsonian
drug development.

Methods We developed composite biomarkers to detect
levodopa/carbidopa effects and to estimate PD symptom severity.
For this development, we trained machine learning algorithms to
select the optimal combination of finger tapping task features to
predict treatment effects and disease severity. Data were collected
during a placebo-controlled, crossover study with 20 PD patients. The
alternate index and middle finger tapping (IMFT), alternative index
fingertapping (IFT), and thumb-index finger tapping (TIFT) tasks and
the Movement Disorder Society-Unified Parkinson’s Disease Rating
Scale (MDs-UPDRS) Il were performed during treatment. We trained
classification algorithms to select features consisting of the MDs-
UPDRS IIl item scores; the individual IMFT, IFT, and TIFT; and all three
tapping tasks collectively to classify treatment effects. Furthermore,
we trained regression algorithms to estimate the MDS-UPDRS 111 total
score using the tapping task features individually and collectively.

Results The IFT composite biomarker had the best classification
performance (83.50% accuracy, 93.95% precision) and outperformed
the MDS-UPDRS 11l composite biomarker (75.75% accuracy, 73.93%
precision). It also achieved the best performance when the MDs-
UPDRS III total score was estimated (mean absolute error: 7.87,
Pearson’s correlation: 0.69).

Conclusion We demonstrated that the IFT composite biomarker
outperformed the combined tapping tasks and the MDS-UPDRS 111
composite biomarkers in detecting treatment effects. This provides
evidence for adopting the IFT composite biomarker for detecting
antiparkinsonian treatment effect in clinical trials.

CLINICAL PHARMACOLOGY STUDIES INVESTIGATING NOVEL FORMULATIONS OF DOPAMINERGIC DRUGS

155

INTRODUCTION

Parkinson’s disease (PD) motor impairments can be characterized
as slow and rigid and can lead to a gradual reduction in movement
speed over time.! The recommended instrument for assessing the
severity of PD motor symptoms is the Movement Disorder Society's
revised version of the Unified Parkinson’s Disease Rating Scale, partii
(MDS-UPDRS 111).2 The MDS-UPDRS Il offers a reliable and valid metric
for evaluating motor manifestations in each body area affected
by PD.3° There are two main limitations of the MDs-UPDRS 111. First,
the MDS-UPDRS 11l requires approximately 15 minutes to complete
with a trained rater, therefore making it time consuming and labor
intensive.® Thus, MDS-UPDRS Il is not ideal for demonstrating the
time of onset of fast-acting dopaminergic drugs, such as the inhaled
forms of levodopa/carbidopa and apomorphine.”® Second, the
MDS-UPDRS Il provides only a coarse rating of motor function and
therefore cannotidentify or differentiate between specific kinematics
of finger movements.® As fine motor control abnormalities are
typically the first manifestations of motor impairments in PD patients,
itisimportantto develop composite biomarkers that are sensitive to
these changes.? To address these limitations, there is a demand for
biomarkers that detect fine-grained changes in motor function and
are congruent with the MDS-UPDRS.

Finger tapping tasks provide insights into fine motor activity'®"
and have been shown to be quick, effective, and simple assessments
for estimating MDS-UPDRS motor disability’>'® and assessing
antiparkinsonian drug effects.’*'? These tasks provide insights into
finger and forearm movement speed, accuracy, amplitude, frequency,
rhythm, and fatigue.’®'42021 pp patients often experience tremors,
stiffness, and difficulty with movement, which can significantly
impact their ability to perform daily activities, including buttoning
a shirt, typing on a keyboard, or using utensils.?2?* As patients want
treatments that will improve their ability to carry out daily activities,
measuring motor function through tapping biomarkers can provide
amore directand meaningful assessment of the impact of treatments
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on patients’ lives. Therefore, the tapping tasks could be considered
of interest to both clinicians and patients.

The complexity of parkinsonism motorimpairment manifestations
cannot be captured by a single biomarker. By exploiting machine
learning algorithms, we can combine multiple objective biomarkers
into a single composite biomarker that would represent a
multidimensional characterization of PD.?* Previous studies have
demonstrated that composite biomarkers could effectively
differentiate between PD and healthy controls and estimate mMDs-
UPDRS Il symptom severity.?>?’ This study investigates the accuracy
and sensitivity of composite tapping biomarkers to detect drug
effects and to estimate disease severity among PD patients.

PATIENTS AND METHODS

This is an extension of a previous study that investigated the reliability
of tapping tasks to detect the longitudinal effects of levodopa/
carbidopa and to determine the correlation of the tapping features
with the MDS-UPDRS 111."* The study was conducted at the Centre for
Human Drug Research (CHDR) in Leiden, the Netherlands, between
July and November 2020 and is registered in the Netherlands Trial
Register (trial NL8617).

Study overview

We conducted a double-blind, placebo-controlled, randomized,
two-way crossover study with levodopa/carbidopa in 20 PD patients
that had recognizable oFF episodes (symptoms not adequately
controlled by their medication?). Patients received a semi-individual
dose of the investigational drug. To ensure an OFF-ON transition,
the patients were given a supramaximal dose that was at least 25%
higher than their usually administered morning dose.?

Patient criteria

Enrolled patients had a clinical diagnosis of PD, as confirmed by a
neurologist, and a classification of a Hoehn-Yahr stages 1 to 111 during
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their ON state by an investigator. Patients were included if they were
between ages 20 and 85 years during screening, experienced self-
described motor fluctuations, and were taking oral antiparkinsonian
medication. Patients were excluded if they had known conditions that
would affect levodopa/carbidopa treatment or study compliance,
such as previous intolerance, drug dependence, or psychiatric
disease.

Assessments

MDS-UPDRS 111

We selected the MDS-UPDRS 111 as the gold standard for the purposes
of this study. The MDS-UPDRS 111 was conducted by trained raters at
CHDR. The examination took on average 15 minutes to complete.
It was performed pre-dose and at 10, 30, 60, and 90 minutes after
dosing.

FINGER TAPPING TASKS

All the tapping tasks were performed twice pre-dose and once at 10,
25, 45, 60, 75, 90, and 105 minutes after dosing. If the tapping tasks
and MDS-UPDRS 111 were planned simultaneously, then tapping tasks
were performed first.

ALTERNATE INDEX AND MIDDLE FINGER TAPPING AND ALTERNATE INDEX
FINGER TAPPING

Each patient was provided with a touchscreen laptop equipped with
the alternate index and middle finger tapping (IMFT) and alternate
index fingertapping (IFT) tasks.' The patients were instructed to use
the hand that was most affected (if both hands were equally affected,
to use their dominant hand) and to perform each task as fast and
accurately as possible for 30 seconds. For the IMFT, patients were
asked to tap between the two targets (2.5 cm apart) with their index
and middle fingers. For the IFT, patients were asked to tap the targets
(20 cm apart) with their index finger.

The IMFT and IFT require two different movements; the IMFT
and IFT are dependent on fine finger and forearm movements,
respectively.’® Each of the two tasks generated 43 features relating
to speed (e.g., total number of taps), accuracy (e.g., spatial error),

CHAPTER 7 - COMPOSITE FINGER TAPPING BIOMARKERS TO DETECT MEDICATION EFFECTS



158

rhythm (e.g., inter-tap interval sb), and fatigue (e.g., change in
velocity) (Supplemental Table 1).7014

THUMB-INDEX FINGER TAPPING

A wireless goniometer (Biometrics Ltd, Newport, uk) was placed
on the metacarpal and proximal phalanx of the index finger of the
most affected hand (if both hands were equally affected, to use
their dominant hand).'%'43% Each patient was instructed to sit com-
fortably, hold up the hand, and tap the index finger on the thumb
as widely and quickly as possible continuously for 15 seconds. The
thumb-indexfingertapping (TIFT) assesses unilateral sequential fine
finger movements. The 25 features of the TIFT include progressive
changes in amplitude, hesitations, and tapping speed during the
task (Supplemental Table 1).1*

Statistical analysis

All data preprocessing and statistical analyses were conducted using
Python (version 3.8.0)*" and the Scikit-Learn library (version 1.0.1).32

DATA PREPROCESSING

All features were visually and statistically inspected for normality
using histograms and Shapiro-Wilk tests, respectively. Log or square
root transformations were applied when the features were not
normally distributed. Only features that were normally distributed
were included in the analysis. Missing values were not imputed, and
only complete cases were considered.

As the tapping composite biomarker is designed to be a proxy
for overall motor function, we did not account for laterality of the
tapping task in the biomarkers. The need for assessing the tapping
tasks with both hands is therefore avoided, which could streamline
the assessment process and reduce the burden on patients.

COMPOSITE BIOMARKERS

We developed 10 composite biomarkers. The composite biomarkers
represented the baseline-uncorrected or baseline-corrected mDs-
UPDRS 111 18-item scores; all three tapping tasks combined; and the
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IFT, IMFT, and TIFT tasks individually. From a statistical viewpoint, we
corrected for baseline to remove any concomitant variability in the
treatment response, which would therefore improve the precision of
the treatment detection.®® From a practical viewpoint, we considered
using the baseline-uncorrected values to reduce the number of
measurements needed for treatment classification. The baseline-
uncorrected model would require only a single tapping assessment,
whereas the baseline-corrected model would require two.

CROSS-VALIDATION

We applied a nested k-fold cross-validation strategy to assess
the performance and the generalizability of the composite
biomarkers.?* In nested cross-validation, the outer fold assesses
the performance of the model, whereas the inner fold performs
the model and hyperparameter selection. In our study, the outer-
fold step was repeated 100 times, with each iteration containing
a different combination of training (80% of the data) and test sets
(20%). Each outer training set was further split into an inner training
(80% of the data) and validation sets (20%). The inner-fold step was
repeated 50 times, and the best-performing inner model would be
evaluated in the outer fold. The final results would be represented
as the averaged and standard deviation of the models selected by
each outer fold.*

For the classification and regression models, we applied a group-
shuffle split (same distribution of placebo and active treatments in
each split) and a stratified-shuffle split (same distribution of mDs-
UPDRS 11l scores in each split), respectively. To stratify the MDS-UPDRS
Il scores, we assigned each score to one of three binned ranges
(e.g., the baseline-corrected MDS-UPDRS 111 binned ranges were
[-13, -8.76], [-8.76, -4.53], and [-4.53, 0.3]). Each outer fold had the
same distribution of binned ranges. Stratification was not applied
to the inner fold, as the small sample size would limit the number
of samples available per bin. Within each inner fold, all features
were standardized by subtracting the mean and scaling to the
unit variance. To identify the features that were predictive of the
outcomes, we identified features that were selected at least once by
all outer-fold models.
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CLASSIFICATION OF ACTIVE OR PLACEBO TREATMENTS

Classification models were trained to classify the active or placebo
treatments. As we intended to predict the probability of treatment at
all time points, we chose the last measurements to train the models.
The MDS-UPDRS 11l classification model was trained on the 9o-minute
MDS-UPDRS IIl item scores.' The tapping classification models were
trained on measurements taken immediately after the MDs-UPDRS 111
starting at 105 minutes.

To identify the optimal classification model, we compared three
classification models: support vector machines, logistic regression,
and linear discriminant analysis (LDA). These classification models
were selected as they are easy to implement and to interpret.3>%7
Previous studies have also used these algorithms to classify PD
diagnosis or estimate MDS-UPDRS 111.3%4" Models were compared
based on their mean accuracy, precision, and F1 scores.*®

In addition, each model selected by the outer folds was used
to predict the treatment at the other time points, with the 20% of
patients who were not used for training. This would allow researchers
to identify at which time point treatment effects are detected. For
each time point, the mean and standard deviation of the class
probabilities were based on the predicted log-odd ratios from
each fold. Additionally, these probabilities were used to estimate
the repeatability and effect size. The repeatability was assessed
by calculating the intraclass correlation coefficients (1cc) using
the placebo results only. Using a random intercept model with the
intercept and time point as fixed effects, the 1cc was calculated by
dividing the between-subject variance by the sum of the between-
subject and within-subject variances. The effect size was calculated
using all available data and a random intercept model with intercept,
time point, treatment, and interaction between time point and
treatment as fixed effects. In addition, the effect size was calculated
as the contrast between the probabilities after treatment and the
averaged baseline probabilities divided by the square root of the
sum of the between-subject and within-subject variations.
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ESTIMATION OF THE MDS-UPDRS Il TOTAL SCORE

To assess if the tapping composite biomarkers (baseline uncorrected
and baseline corrected) could estimate the MDS-UPDRS 111 total score,
linear regression with elastic-net regularization (optimized for a and
the |1 ratio) was used to predict the MDS-UPDRS 111 total score at 9O
minutes using the 105-minute tapping biomarkers. These two time
points were compared, as it was previously shown that the IFT and
TIFT showed significant and moderate-to-strong correlations with
the MDS-UPDRS 111." Further, the 90- and 105-minute tapping tasks
were equally as close to the 9O-minute MDS-UPDRS 111 in timing and
therefore we assumed would perform equally well.

To assess the performance of the models, we estimated the mean
absolute error (MAE) of the outer-fold models. We evaluated the
correlation between the predicted and true MDS-UPDRS 11l scores
at all time points for each outer-fold model. Like the classification
models, the MDS-UPDRS Il scores were estimated at other time points
with the 20% patients who were not used for training. Additionally, as
for the classification models, those data were also used to estimate
the repeatability and effect size.

RESULTS

Data collected

Twenty PD patients participated in this study. An overview of the
demographic and disease characteristics of the patients was
published previously;'* 14 patients were male, and their ages ranged
from 48 to 70 years. Patients received one to four capsules of 100/25
mg levodopa/carbidopa as they had a supramaximal morning
levodopa equivalent dose (LED) ranging from 47 to 391 milligrams.
The median MDS-UPDRS Il score (when using regular medication) was
23 and 22 on their placebo and active treatment days, respectively.'

We analyzed 31 IMFT, 31 IFT, and 25 TIFT features. No features
were excluded due to nonnormal distribution. Due to goniometer
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damage, we had missing data for 1 patient in the placebo condition
and 2 patients in the active condition. As 6 patients had difficulties
performing the IMFT, this led to missing data. However, the missing
data were equally distributed across the treatment conditions and
therefore deemed missing at random.

Classification of placebo and active treatments

We found that the LDA classifier consistently yielded the highest
accuracy for all models (for both baseline uncorrected and baseline
corrected); thus, we reported only the LDA results.

CLASSIFICATION OF TREATMENT EFFECTS

The best-performing baseline-uncorrected composite biomarker,
the IFT, yielded an accuracy, precision, F1 score, and large effect
size of 68.50%, 70.23%, 68.93%, and 1.60 respectively (Table 1).
The best-performing baseline-corrected composite biomarker, the
IFT, achieved a higher average accuracy, precision, F1 score, and
large effect size of 83.50%, 93.95%, 80.09%, and 2.58. Both models
outperformed the MDS-UPDRS 111 classification models across all
metrics. The IFT features that were mutually identified as important
features for the baseline-uncorrected and baseline-corrected
classification models were related to accuracy (e.g., spatial errors and
the bivariate contour ellipse area), fatigue (e.g., velocity changes),
and velocity (e.g., inter-tap intervals) (Figure 1).

CLASSIFICATION OF TREATMENT EFFECTS AT ALL TIME POINTS

In Figure 2, the classification models were applied to all time points,
showingthe mean predicted probability of an active (>0.5) or placebo
treatment (<0.5). In the baseline-corrected IFT, TIFT, and MDS-UPDRS
1 models, the mean predicted probability of a patient receiving a
placebo treatment was consistently less than 0.5. In contrast, when
active treatment was administered, the baseline-corrected IFT and
MDS-UPDRS 11l model had a mean predicted probability above 0.5
from 60 minutes onward. The baseline-corrected IMFT and TIFT
models crossed the 0.5 thresholds after 45 minutes. We found that
the baseline-corrected IFT biomarker determined a large effect size
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(0.81) at 30 minutes, whereas the baseline-uncorrected IFT biomarker
reached a large effect size of 0.84 at 60 minutes. The MDS-UPDRS I
achieved a large effect size at 60 minutes (1.69 and 1.04 for baseline
corrected and baseline uncorrected, respectively) (Supplemental
Figure 2). The MDS-UPDRS 11l demonstrated higher repeatability than
the tapping tasks. Whereas the baseline-uncorrected MDS-UPDRS 111
biomarker obtained an excellenticc, the IFT and TIFT both achieved
goodiccs(0.78,0.80).42However, the IcCs of the baseline-corrected
MDS-UPDRS Il and the IFT, IMFT, and TIFT biomarkers decreased to a
moderate ICC range between 0.52 and 0.66.%

Estimation of MDS-UPDRS il

The mean MDS-UPDRS 111 total scores at 90 minutes for the placebo
and active treatments were 33.5 and 22.0, respectively. When
baseline-corrected, the mean MDS-UPDRS 111 scores for the placebo
and active treatments were 0.3 and -13.0, respectively (Figure 3).

ESTIMATION OF MDS-UPDRS 111

The best-performing baseline-uncorrected regression models were
the TIFT and IFT composite biomarkers, which achieved the lowest
average MAE of 10.31 and 10.36, respectively. In addition, the TIFT
and IFT showed large effect sizes of 1.47 and 2.23, respectively,
when estimating the MDs-UPDRS I11. The best-performing baseline-
corrected model was the IFT composite biomarker, which yielded
the lowest average MAE of 7.87. For both the baseline-uncorrected
and baseline-corrected models, the best-performing composite
biomarkers outperformed that of the composite biomarkers of
the three tasks. For the IFT features, the features that were mutually
selected by both models were similar to that of the IFT classification
features (Figure 2; Supplemental Figure 1).

ESTIMATION OF MDS-UPDRS Il AT ALL TIME POINTS

The predicted and true MDS-UPDRS 111 scores were significantly
correlated for the baseline-corrected and baseline-uncorrected
models (Table 2). Once again, the best positive correlations were
achieved by the TIFT baseline-uncorrected composite biomarker
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(r=0.58,p<0.01) and the IFT baseline-corrected composite biomarker
(r=0.69, p<0.01). The greatest difference in the true MDS-UPDRS 111
scores between the placebo and active treatment interventions was
at 9o minutes (Figure 3). The tapping tasks achieved a moderate to
good icc (Table 2).

DISCUSSION

Detection of treatment effects

The IFT biomarker (baseline corrected and baseline uncorrected)
was, on average, more predictive of and more sensitive to treatment
effects than the MDS-UPDRS 111 biomarker in terms of accuracy,
precision, and clinical significance (as supported by the effect-
size performances) (Table 1). This is significant as the ability to
detect changes in aspects of motor function that may be missed
by traditional assessments allows for a more sensitive measure of
treatment efficacy. This can be valuable for detecting small and early
changesin motor function that are indicative of a treatment response.
The mostimportantIFT features used to classify treatment effects are
in concert with previous studies (Figure 1) that also identified that
forearm movements relating to velocity, amplitude, and rhythm are
sensitive to antiparkinsonian drug effects.101543.44

We demonstrated that treatment effects were detected at 45 and
60 minutes for the TIFT and IFT composite biomarkers, respectively
(Figure 2). This finding is notable as the mean onset of levodopa/
carbidopa action is about 50 minutes.*® This suggests that tapping
tasks can detect the onset of oral levodopa/carbidopa. The MDs-
UPDRS Il was not performed at 45minutes, so it could not be
determined whether the MDs-uPDRs 11l biomarker could detect
treatment effects at 45 minutes. These findings further propound that
the tapping tasks are practical and sensitive composite biomarkers
for detecting motor response changes induced by antiparkinsonian
drugs.* Further, the large effect sizes can potentially reduce sample
size requirements and enhance power for future tapping task trials
that assess treatment effects.
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The performance of the classification models (except for the icc)
improved when the features were baseline corrected. Despite this,
both models provide practical and clinical value. The baseline-
uncorrected models required only a single measurement and
represent the current motor function status. The baseline-corrected
models require two measurements and represent the changes in
motor function over time. The increased performance suggests that
treatment response is dependent on the patient’s tapping profile
during their OFF state and adjusting for baseline removes variation
inthe levodopa/carbidopa response.

Estimation of MDS-UPDRS il

We found that the baseline-corrected IFT biomarker, despite
yielding the best performance among all the biomarkers, achieved a
prediction error of approximately eight points and was significantly
moderately correlated using the MDs-UPDRS I11. The prediction error
is comparable to existing sensor-based composite biomarkers used
to estimate the MDS-UPDRS IiI. Studies using data sourced from
an Axitvity AX3 (placed on the wrist and back or only the wrist) to
estimate the gold standard achieved an MAE ranging from 4.29 to
6.29 points.*748

The tapping biomarkers predicted a smaller range of MDS-UPDRS
Il scores compared to that of the true MDS-UPDRS 111 scores (Figure
3). It is likely due to using only hand and forearm motor function
assessments to predictthe MDS-UPDRS 111 total scores, which includes
motor assessments of other regions affected by PD, such as gait,
facial expression, and speech.* As the correlations of the true and
predicted MDS-UPDRS Ill scores were moderate (Table 2), the tapping
biomarkers still showed concurrent validity with the gold standard.
This suggests that the tapping biomarkers could provide clinicians
with an understanding of the acute effects of drugs on motor
fluctuations within a short monitoring period.

Despite the discrepancies between the true and predicted mbDs-
UPDRS Il total scores, with the advancements in technology, it is
not unusual for the performance of new clinical assessments to
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outperform the current gold standard. However, the discrepancy
between the two assessments influences the accuracy estimates
of the new clinical assessments, and as it would be interpreted as
a prediction error.*? Therefore, we argue that accurate estimation
of the MDS-UPDRS 11l score is not essential for the adoption of the
composite biomarker as a new complementary assessment for
estimating symptom severity. Rather, the consequences resulting
from the disagreement between the gold standard and the tapping
composite biomarkers should be investigated.

Future work

We demonstrated that the tapping composite biomarkers could
detectthe onset of oral levodopa/carbidopa at 45 minutes. A follow-
up study could investigate if the tapping composite biomarkers could
detectan earlier onset of an even faster-acting antiparkinsonian drug,
such asinhaled apomorphine thathas an onset as early as 8 minutes.®
This would further validate the sensitivity of the tapping composite
biomarker to detect fast-acting dopaminergic drug effects.

Our sample size may limit the generalizability of this study’s
findings as a small sample size may not be representative of
the broader population of patients with PD, making it difficult to
generalize its results to a larger population.’® This is particularly
relevant for pD studies, where the disease can manifest in different
ways and progress at different rates in different patients. To mitigate
the effect of the small sample sizes, we employed cross-validation
to bootstrap and validate the models against different groups of
patients. We propose conducting a follow-up trial to implement
the tapping tasks among more PD patients with more diverse MDs-
UDPRS Il profiles. The data collected from the trial can be used
as an independent data set to assess the validity, reliability, and
generalizability of our current methods.

Although composite biomarkers have the advantage of capturing
multiple aspects of motor function, the effects of individual
components within the composite biomarker must be carefully
examined to avoid misleading interpretations of the results. For
example, a treatment that improves tapping speed but worsens
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tapping rhythm may result in an overall neutral effect, making it
difficult to interpret the treatment’s efficacy. Like other composite
measures, such asthe MDS-UPDRS Il total score, itis crucial to examine
the effects of each feature of the composite biomarker separately,
as well as in conjunction with the overall composite score, to better
understand the treatment'’s impact on finger motor function.

CONCLUSION

In conclusion, the IFT biomarker was more predictive of and
sensitive to the detection of treatment effects than the MDs-UPDRS
Il biomarker; therefore, the tapping biomarkers appear to hold
promise for evaluating the early and rapid effects of antiparkinsonian
drugs. Moreover, the tapping task is easy to perform and can be
done in clinical settings as well as at home by patients themselves,
making it a practical and convenient method for monitoring disease
progression and treatment response. Using tapping biomarkers,
clinicians can obtain accurate and reliable data that can inform
treatment decisions in real time.
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TABLE 1 The mean and standard deviations of the accuracy, precision, F1 score, and effect
size for each biomarker (at 90 minutes for MDs-UPDRS 111 and 105 minutes for the tapping task)
are based on the 100 outer folds of the nested cross-validation.

Tasks Accuracy Precision F1score Icc Effect size
IMFT 56.90% 61.67% 56.56% 0.60 0.64
(15.09%) (22.53%) (18.07%) (0.25) (0.57)
e
% IFT 68.50% 70.23% 68.93% 0.78 1.60
g (12.56%) (16.31%) (14.9%) (0.21) (0.82)
§ TIFT 67.72% 65.55% 67.51% 0.78 1.14
: (15.84%) (21.03%) (18.22%) (0.22) (0.80)
C
5 | Allthree tasks 63.0% 64.35% 59.82% 0.68 0.91
c(:g (16.91%) (27.32%) (23.16%) (0.29) (0.68)
MDS-UPDRS Il 63.75% 61.20% 68.90% 0.92 1.03
item scores (11.25%) (10.9%) (11.52%) (0.10) (0.60)
IMFT 66.86% 70.83% 69.01% 0.57 1.44
(15.23%) (17.25%) (15.04%) (0.17) (0.98)
g IFT 83.50% 93.95% 80.09% 0.53 2.58
b (10.74%) (11.25%) (14.92%) (0.16) (0.90)
S |TIFT 77.86% 82.32% 74.72% 0.52 1.14
2 (14.97%) (21.43%) (18.44%) (0.17) (0.80)
3 | Allthree tasks 77.98% 81.85% 74.66% 0.48 0.91
@ (13.26%) (21.15%) (19.17%) (0.18) (0.61)
MDS-UPDRS 111 75.75% 79.95% 73.93% 0.66 2.12
item scores (14.45%) (17.64%) (16.42%) (0.11) (1.25)

The mean icc and standard deviation are based on all time points for the placebo condition only. The numbers in bold
font represent the highest mean performance per model per column.

IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping; TIFT, thumb-index finger tapping;

MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part i11; icc, intraclass correlation
coefficient.
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TABLE 2 Average correlation and 1cc (95% c1) between the true and predicted MDs-
UPDRS scores across all time points for the repeated nested cross-validation 100 outer-fold
predictions.

Tasks Correlation P-value 1cc Effect size
coefficient (r)
o |IMFT 0.10 p<0.05 0.69 0.67
% (0.03,0.16) (<0.05,0.05) (0.65,0.73) (0.53,0.81)
2 et 0.52 p<0.01 0.80 1.02
§ (0.45,0.59) (<0.01,<0.01) (0.76,0.83) (0.91,1.14)
é TIFT 0.58 p<0.05 0.78 1.47
5 (0.53,0.63) (<0.01,<0.05) (0.74,0.82) (1.27,1.67)
S | Allthree tasks 0.11 p<0.05 0.66 0.75
(0.04,0.18) (<0.05,0.05) (0.61,0.71) (0.62,0.88)
IMFT 0.34 p<0.05 0.48 1.10
3 (0.27,0.40) (<0.01,0.06) (0.44,0.52) (0.92,1.28)
§ IFT 0.69 p<0.001 0.45 2.23
é (0.65,0.73) (<0.001,<0.005) (0.42,0.48) (2.01,2.45)
2 TiFT 0.65 p<0.001 0.50 1.37
© (0.60,0.69) (<0.001,<0.001) (0.46,0.54) (1.20,1.54)
©
@ | Allthree tasks 0.56 p<0.05 0.43 1.06
(0.52,0.61) (<0.001,<0.05) (0.39,0.47) (0.91,1.21)

The average effect size (95% c1) between the baseline and 90 minutes for MDS-UPDRS 111 and 105 minutes for the
tapping tasks was also included. The numbers in bold font represent the highest correlation coefficient (r), icc, and
effect size for each treatment and task.

Icc, intraclass correlation coefficient; c1, confidence interval; MDS-uPDRS, Movement Disorder Society-Unified
Parkinson'’s Disease Rating Scale; IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping;
TIFT, thumb-index finger tapping.
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FIGURE 2 The mean predicted probability that active treatment was administered in the
placebo (blue) and active (orange) treatment groups. The green dotted line represents the 0.5
decision boundary. The bands represent the 95% confidence interval.

FIGURE 1 The average feature coefficients of the respective features selected by the linear

discriminant analysis (LDA) classifier for each finger tapping task feature and the Movement

Disorder Society-Unified Parkinson’s Disease Rating Scale (MDs-UPDRS) part 111 item score

features (baseline-uncorrected and baseline-corrected models). The error bars represent the IMFT T
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An overview of finger tapping task features is provided in Supplemental Table 1.
IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping; TIFT, thumb-index finger tapping.
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FIGURE 3 Average true and predicted Movement Disorder Society-Unified Parkinson'’s SUPPLEMENTARY MATERIAL
Disease Rating Scale part 111 scores with standard deviation from 0 to 105 minutes post dose for

the placebo (blue) and active (orange) treatment interventions when corrected for baseline. SUPPLEMENTAL TABLE 1 Overview of features for the alternate index and middle finger tap-
ping (IMFT), alternate index finger tapping (IFT), and thumb-index finger tapping (TIFT) tasks.

MDS-UPDRS 111 IFT
10 Baseline Corrected 10 Baseline Corrected Acronym Description (unit) Task
_ BCA Bivariate contour ellipse area (represents the area of an ellipse which IMFT, IFT
5 ; 3 encompasses the fixation points) (mm?)
; 0 ‘_'—‘— e~ Dﬂ: 0[S e —— . BCT Angle of the bivariate contour ellipse’s major axis (degree) IMFT, IFT
0 -5 = =5 DBLTR Ratio good taps:total taps (a good tap is defined here as a tap on the correct IMFT, IFT
% EI side (left/right) of the touchscreen)
1 =10 -10 .
3 = DBLTT Total number of double/missed taps IMFT, IFT
_ T .i5 L ) . )
= -15 £ 13 DTC Change in distance travelled over time, i.e., linear slope over all inter-tap IMFT, IFT
w = . .
I —20 = —20 distances (mm/min)
= u . DTD Difference in mean distance travelled between the first 10 taps and the last 10 IMFT, IFT
=25 a =25 taps (cm)
-30 =30 DTM Mean distance travelled between two consecutive taps (cm) IMFT, IFT
0 25 50 75 100 0 25 50 15 100 — - -
Time (minutes) Time {minutes) DTS Standard deviation of all distances between consecutive taps (cm) IMFT, IFT
DTT Total distance travelled between consecutive taps (cm) IMFT, IFT
MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part 111; 1FT, alternate index finger
tapping. DTV Distance traveled: coefficient of variation (DTs/DTM * 100) (%) IMFT, IFT
ITC Change in inter-tap interval overtime, i.e., linear slope over all inter-tap intervals ~ IMFT, IFT, TIFT
(ms/min)
ITD Difference in mean inter-tap interval between the first 10 taps and the last 10 IMFT, IFT
taps (ms)
IT™ Mean inter-tap interval (ms) IMFT, IFT, TIFT
ITS Standard deviation of all inter-tap intervals (ms) IMFT, IFT, TIFT
ITV Inter-tap interval: coefficient of variation (1Ts/1Tm * 100) (%) IMFT, IFT, TIFT
NOH Number of halts (taps where the inter-tap interval is larger than 2 * ITs) IMFT, IFT
SEC Change in spatial error over time, i.e., linear slope over all taps’ spatial errors IMFT, IFT

(mm/min). (Spatial error is the Euclidean distance of a tap from the targets’
center point)

SED Difference in mean spatial error between the first 10 taps and the last 10 taps IMFT, IFT
(mm)

SEM Mean spatial error (mm) IMFT, IFT

SES Standard deviation of the spatial errors (mm) IMFT, IFT

SET Total spatial error (mm) IMFT, IFT

SEV Spatial error: coefficient of variation (sEs/sem * 100) (%) IMFT, IFT

TIT Taps inside the target circle IMFT, IFT
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[continuation of Supplemental Table 1]

Acronym Description (unit) Task
TNT Total number of taps IMFT, IFT
ToT Taps outside the target circle IMFT, IFT
TTR Ratio taps inside:total taps IMFT, IFT
VEC Change in velocity over time, i.e., linear slope over all inter- tap velocities (cm/ IMFT, IFT
min?)
VED Difference in mean volocity between the first 10 taps and the last 10 taps (cm/ IMFT, IFT
min)
VEM Mean velocity (cm/min) IMFT, IFT
VES Standard deviation of the velocities (cm/min) IMFT, IFT
VEV Velocity: coefficient of variation (VES/VEM * 100) (%) IMFT, IFT
AAC Change in maximum angle amplitude over time (degree?/s) TIFT
AAM Mean of the tapping angle amplitude (degree?) TIFT
AFC Change in peak tapping frequency over time (Hz/min) TIFT
AFM Mean peak tapping frequency (Hz) TIFT
cvMm Mean closing velocity: mean of the amplitude (i.e., angle) travelled per second TIFT
for each tap when moving the index finger towards the thumb (closing); velocity
extracted from the derivative of the amplitude (degree/s)
FPA Amplitude at peak frequency (degree?/Hz) TIFT
FPF Peak frequency (Hz) TIFT
FPP The total power around the peak frequency, i.e., the area under the curveinthe  TIFT
power spectrum around the peak frequency (measure of amplitude) (degree?)
ovM Mean opening velocity: mean of the amplitude (i.e., angle) travelled per second  TIFT
for each tap when moving the index finger away from the thumb (opening);
velocity extracted from the derivative of the amplitude (degree/s)
TAC Change in tapping amplitude over time, i.e., linear slope over all tapping TIFT
amplitudes (degree/s)
TAM Mean tapping amplitude (degree) TIFT
TVM Mean angular tapping velocity (degree/s) TIFT
VAM Mean tapping angle velocity ((degree/s)?) TIFT
VFC Change in tapping angle velocity frequency over time (Hz/min) TIFT
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SUPPLEMENTAL FIGURE 1 The average feature coefficients selected by the elastic-net linear
regression models for each of the composite biomarkers under baseline-uncorrected and
baseline-corrected conditions. The errors represent the 95% confidence intervals.

a1 ol a1 Tmani
Bbattn L poTR Bereera

IMFT, alternate index and middle fingertapping; IFT, alternate index finger tapping; TIFT, thumb-index finger tapping.
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SUPPLEMENTAL FIGURE 2 Effect sizes of each of the tapping tasks and the Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale part 111 composite biomarkers at
each time point.

Baseline Corrected

Baseline Uncorrected

2.5 1 Tap Task

> MET
20 s LA FT

TIFT
915 _ g £ e
1.0 ) — el MDS-UFDRS il item Score
1 l-_'_,.:-.' T traimdf
0.5 ’ —+— Baseline Uncorrected
-+~ Baseline Corrected
25 50 5 100 25 S0 75 100
minutes minutes

IMFT, alternate index and middle finger tapping; IFT, alternate index finger tapping; TIFT, thumb-index finger tapping;
MDS-UPDRS 111, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part i11.
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Parkinson's disease (PD) is a progressive neurodegenerative disorder
that affects millions of people worldwide. Despite all research efforts,
there is currently no disease-modifying treatment available and the
main treatment avenue remains symptomatic treatment. As the dis-
ease progresses, patients develop motor and non-motor fluctuations
that significantly impact activities of daily living and quality of life.
Patients alternate between periods of favorable response to medica-
tion (ON) and periods of inadequate response (OFF). Apomorphine is
adopamine agonistthat has been used to treat OFF episodes for three
decades. Itis available both as subcutaneous intermittent injections
and subcutaneous continuous infusion. The intermittent injections
are especially suited for patients with only a few OFF episodes per
day, which is the focus of this thesis. Despite the well-known efficacy
of apomorphine in treating OFF episodes, its administration route has
several impracticalities. For instance, patients must self-administer
injections during their OFF periods. This can be inconvenient, espe-
cially since the injection site is often covered by clothing. Additionally,
the occurrence of injection site reactions and the fear of needles may
serve as further limitations to its use.

APOMORPHINE

In this thesis, we evaluated two new administration routes of
apomorphine that are expected to be more user-friendly. In chapter
2 and 3, a breath-actuated, oral inhalation device was investigated in
healthy volunteers and PD patients. Staccato apomorphine (Az-009)
reached maximum plasma concentrations 1-2 minutes after inhalation
and improved mean motor function (MDS-UPDRS I11) in PD patients
during an induced morning OFF state from the first measurement at
10 minutes post-dose. Its systemic absorption was significantly faster
than that of the subcutaneous apomorphine injection for which
maximum plasma concentrations were reached only after 30 minutes.
This suggests the potential for a quicker transition from OFF to ON
following treatment. To establish this conclusively, a direct head-to-
head comparison is necessary. Additionally, it is important to assess
and compare the duration of effect of both formulations in this study.
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In healthy volunteers, apomorphine inhalation was not well tolerated
with nausea, vomiting and hypotension being the most troublesome
AEs. In contrast, PD patients tolerated apomorphine inhalation up to
4 mg reasonably well with AEs most often related to the inhalation:
coughing and throat irritation. These AEs were mild and transient,
usually resolving within minutes. No apparent accumulation and
changes in safety profile were observed when Az-009 was dosed
three times daily with 2 hours between doses. In clinical practice,
subcutaneous apomorphine is initiated at a low dose (1 or 2 mg)
and titrated up until an optimal balance between side effects and
efficacy is reached. In contrast, in the studies described in chapter
2 and 3, patients received a fixed dose. This likely led to suboptimal
dosing, where for some the dose was too high and therefore resulted
in AEs preventing the conduct of MDS-UPDRS 111, and for others might
have been too low to reach optimal efficacy. While these initial
studies show that Az-009 improves motor function, the described
effects are likely an underestimation. Hence, future studies should
investigate Az-009's efficacy when administered at a patient's
individually optimized dose. Currently, a phase 2 study is ongoing
including an open-label titration phase followed by a double-blind
at-home treatment period with an in-clinic visit.' Therefore, this study
will provide more information on the efficacy of a titrated dose, as
well as the usability of the device by patients during an OFF state in an
at-home setting. Future studies should also investigate the long-term
(pulmonary) safety and tolerability.

Overall, the data provided in chapter 2 and 3 provide confidence
for the further development of Staccato apomorphine (Az-009) in
larger scale trials.

In chapter 4, buccal administration of an oromucosal apomor-
phine solution was evaluated. Its safety, tolerability and Pk were
compared to a subcutaneous apomorphine injection and a sub-
lingual apomorphine film. Both comparator formulations were
marketed at the time of study execution. However, in 2023, the sub-
lingual apomorphine film was retracted from the market by the
company (Sunovion) due to limited utilization. The company gave
no further information on the reason for retracting, but it might have
been related to the relatively high incidence of oropharyngeal side
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effects upon repeated exposure.? The side effects are likely the result
of apomorphine undergoing autooxidation in the saliva,® resulting
in the formation of quinone derivatives and reactive oxygen species
which have been associated with cytotoxicity.*® It is hypothesized
that this will occur less when apomorphine is administered as a solu-
tion, but this requires confirmation in future studies. Nonetheless,
we showed that short-term treatment with oromucosal apomorphine
was generally well-tolerated without oropharyngeal side effects and
buccal mucosa abnormalities. Although relevant and reproducible
plasma concentrations were reached, the exposures are not expect-
ed to be sufficient to treat all PD patients. Currently, the maximum
dose that can be administered is 14 mg (0.2 mL). Administering a
higher volume is not recommended so as to prevent saliva pro-
duction and the induction of a swallowing reflex. Separating the
administration of sprays by a few minutes instead of administer-
ing them sequentially was shown to not increase dose-normalized
exposure. Therefore, future administrations are suggested to be
administered as consecutive sprays. This is also more user-friendly.
To make the oromucosal solution useful for the entire PD popula-
tion, it is recommended to investigate other options to increase its
exposure. Increasing the apomorphine concentration is unfortunate-
ly not possible due to apomorphine’s limited solubility. However,
an option could be to increase the surface area over which apo-
morphine solution is dispersed. This could be facilitated by using
a different spray nozzle capable of dispersing the solution across a
wider buccal area. Another potential avenue is to change the solvent
composition. Adding/increasing for example ethanol mightimprove
apomorphine’s solubility, increase buccal absorption and enhance
the dispersibility of the solution (thereby again increasing the surface
area).®’ Lastly, the addition of a permeation enhancer to the formula-
tion can theoretically increase buccal absorption.8? However, due to
the risk of local tolerability issues during prolonged daily use, this is
considered a less suitable option.

Median Tmax of oromucosal apomorphine ranged between 32
and 53 minutes over different dose groups with an overall range
between 15 and 120 minutes. Therefore, absorption was slower
than for subcutaneous injection in the abdomen (19 minutes (range:
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8-40 minutes), and more comparable (although on the low end)
to subcutaneous injection in the thigh described in chapter 2 (30
min (20-60 minutes)). Moreover, it was also considerably slower
than apomorphine inhalation described in chapter 2. Future studies
should therefore assess how this Tmax relates to onset of effect of
the oromucosal apomorphine formulation in order to confirm its
usefulness as a rescue medication for OFF episodes.

A limitation of the apomorphine studies outlined in this thesis is
the lack of an investigation into the usability of the devices. Given
that the development of new apomorphine formulations is aimed
at delivering a less invasive and easier to use formulation for PD
patients, it is imperative that future studies verify that PD patients
can independently use the breath-actuated inhaler and the spray
pump device during an OFF state. Encouraging results have been
published though on the use of dry powder inhalers by PD patients.
Others have shown that most PD patients could handle a dry powder
inhaler, had sufficiently high inspiratory flow rates and were able to
hold their breath for up to 5 seconds after inhalation.’® Moreover,
a breath-actuated inhaler of levodopa dry powder has been
approved for the treatment of OFF episodes. In a phase 2b study
with this inhaler, patients were able to prepare and self-administer
the treatment, even though some indicated concerns about inhaler
system use during telephone contact (7% placebo, 14% levodopa)."’
Overall, this provides evidence that a breath-actuated inhaler can be
used by PD patients.

ACUTE DOPAMINERGIC TREATMENT
EFFECTS

To assess the effects of new fast-acting compounds, objective,
quantitative and fast measurements are ideal. Especially for the
treatment of OFF episodes, the onset of effect is crucial to evaluate
whether the drug is suitable for this indication. Currently, the rather
extensive MDS-UPDRS part 111 scale is often used to evaluate drug
efficacy. Even though it is useful, it requires a trained rater, takes
relatively long to complete (approximately 15 minutes) and is subject
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to inter- and intra-rater variability. In chapter 5, 6 and 7 of this
thesis, multiple finger tapping tasks were evaluated for their use as
objective, quantitative and fast pharmacodynamic measurements.

In chapter 5, four differenttouchscreen-based finger tapping tasks
were evaluated in a technical validation study in healthy volunteers.
Configurations included alternate index and middle finger tapping
(IMFT) with 2.5 cm between targets and repetitive alternate index
finger tapping (IFT) with 20 cm between targets. Both tasks were
assessed with and without a visual cue. The results indicated that the
visual cue, rather than signaling the next target, provided immediate
visual feedback. When participants tapped outside the target area,
the next circle did not appear, prompting participants to pause and
correct the error. This resulted in a reduced tapping speed and
lower fatigue in both tasks. If and how these data would translate
to a PD population was uncertain and would have required further
validation in a PD population. This uncertainty combined with the
good performance of the uncued tasks, led to the decision to only
validate the uncued tasks further in chapter 6.

No significant differences were observed in tapping
measurements within a day, butthese were observed between days.
It appeared that participants changed their tapping strategy during
the second visit, prioritizing speed over accuracy, possibly due to
familiarity with the task. The absence of a learning effect within a day
supported the further evaluation of these tasks in response to fast-
acting medication, without the need for extensive training sessions.
Considering the observed changes between days, the next study
was conducted using a balanced crossover design (chapter 6).
Overall, this technical validation study provided evidence that the
uncued IMFT and IFT tasks functioned well and were repeatable, and
that speed, accuracy and rhythm parameters showed good potential
sensitivity in healthy volunteers.

Hence, in chapter 6, these two touchscreen-based finger tapping
tasks, together with a thumb-index finger tapping (TIFT) task,
were further evaluated in a follow up study in PD patients during
an induced OFF state. This randomized, double-blind, placebo-
controlled crossover study assessed their ability to detect and
quantify dopaminergic medication effects.
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Of the three tapping tasks, the alternate IMFT task performed the
worst, that is, had the lowest effect sizes. Its effect sizes were also
below that of the gold standard MDs-UPDRS I1I. Moreover, the task
was sometimes difficult to perform for the patients with PD, resulting
in a high percentage of same-sided double taps. These problems
with correctly performing/recording the IMFT task, combined
with the relatively small effect sizes, make the task in its current
configuration the least suitable for efficacy studies in PD patients.
In contrast, PD patients were able to perform the IFT and TIFT tasks
without difficulties. The IFT task showed significantly faster tapping
(total taps), improved rhythm (inter-tap interval sp), and decreased
accuracy (total spatial error) in response to levodopa/carbidopa
compared to placebo. Total number of taps and total spatial error
had the largest standardized effect sizes, and these were comparable
to MDS-UPDRS I1I. That speed- and accuracy-related parameters had
the largest effect sizes was consistent with expectations based on
the potential sensitivities calculated in chapter 5. In the TIFT task,
levodopa/carbidopa compared with placebo resulted in faster
tapping (opening and closing velocity) with a bigger amplitude and
improved rhythm (inter-tap interval sp). Mean opening and closing
velocity had the largest effect sizes, and were comparable to the
effect size of the MDS-UPDRS I1I. The speed-related parameters in
both tasks showed a moderate-to-strong correlation with the mDs-
UPDRS 111 (r = 0.45-0.70). Moreover, the inter-tap interval sb showed a
strong correlation with the MDs-UPDRS 111 in the levodopa/carbidopa
group (r = 0.66) and a trend toward a moderate correlation (r =
0.45) in the placebo group. In conclusion, the alternate IFT and TIFT
tasks provided short, rater-independent measurements sensitive to
dopaminergic medication effects with similar effect sizes asthe MDs-
UPDRS I11.

In chapter 7, the data from the clinical study in chapter 6 were
used to train machine learning algorithms to select the optimal
combination of finger tapping task parameters (‘composite
biomarker’)to predictthe treatment effect(i.e., did the patient receive
active or placebo treatment?) and estimate the disease severity (i.e.,
MDS-UPDRS 111 score). A composite biomarker was created for each
tapping task individually, for the three tapping tasks combined
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and for the MDs-uUPDRS 111. Overall, the baseline corrected models
performed better than the uncorrected models. The baseline-
corrected IFT composite biomarker had the best classification
performance (83.50% accuracy, 93.95% precision, effect size 2.58 =+
0.90)) and outperformed the MDS-UPDRS 11l composite biomarker
(75.75% accuracy, 73.93% precision, effect size 2.12 = 1.25). The IFT
composite biomarker included total number of taps and total
spatial error, which was in line with expectations based on the effect
sizes reported in chapter 6. The baseline-corrected IFT composite
biomarker also achieved the best performance when the MDS-UPDRS
111 total score was estimated (mean absolute error: 7.87, Pearson'’s
correlation: 0.69).

Overall, we demonstrated that the IFT composite biomarker
outperformed the combined tapping tasks and the MDS-UPDRS 111
composite biomarkers in detecting treatment effects. Combining
the most relevant parameters instead of using a single parameter,
improves the ability to detect medication effects. Therefore, this
provides evidence to include the IFT composite biomarker in future
clinical trials for the detection of medication effects. Despite these
positive outcomes, it is essential to note that these conclusions are
based on a relatively small sample size. To address this limitation,
chapter 7 employed nested cross-validation. Nevertheless, the
generalizability of the findings from this specific group of PD patients
tothe broader and heterogeneous PD population remains uncertain.
While finger tapping tasks are good at detecting bradykinesia
in forearm and fine finger movements, they may not provide a
comprehensive measure of overall motor function. Consequently,
certain subsets of PD patients might not show improvementin finger
tapping, even if their overall motor function has improved. Therefore,
it is imperative to confirm the validity, reliability, and generalizability
of our methods using an independent dataset. Therefore, we
propose to conduct a follow-up study with a larger cohort of PD
patients with diverse MDS-UDPRS Il scores, in which both akinetic-
rigid dominant and tremor-dominant PD subtypes are represented.

While completion of the MDs-UPDRS 111 scale typically requires
about 15 minutes, the finger tapping tasks take only 15 to 30 seconds.
This makes the finger tapping tasks less burdensome for patients
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but also allows for more frequent and closely spaced assessments
compared to the MDS-UPDRS Iil. This enables a better detection of
the onset of effect and the time to reach maximum effect. This is
especially useful for drugs with an anticipated fast onset of effect, like
apomorphine for the treatment of OFF episodes. Hence, it is advised
to include (at a minimum) the IFT task in future trials with inhaled
apomorphine and apomorphine oromucosal solution to determine
their precise onset of efficacy.

Since the IFT task is a touchscreen tapping task and does not
require a trained rater like the MDS-UPDRS 111, it could also be suitable
for testing medication effects or monitoring disease progression in
a home setting. However, this would require further validation of the
tapping tasks’ variability over a longer time period when performed
without study staff supervision. The advantage of performing the
IFT task at home would be the ability of the investigator to monitor
the patient in their real-life environment and reduce the number of
in-clinic visits required, thereby reducing patient burden.

LOOKING TOWARDS THE FUTURE

The Parkinson ‘pandemic’ and the search for a disease-
modifying therapy

PD is the fastest growing neurological disorder.'? Whereas in 1990,
2.5 million people were affected by PD worldwide, this number had
increased to 6.1 million in 2016."2 Projections estimate that this will
increase further to 13-14 million people by 2040."3 This substantial rise
has led some to call Parkinson'’s disease a pandemic. The increase in
incidence can be attributed to the aging of the worldwide population.
Environmental factors linked to industrialization are thought to con-
tribute as well.? Population-based incident PD cohorts have shown
that motor fluctuations manifest in 22.8-54.3% of patients within 5
years after diagnosis, and increase to 100% 10 years after diagnosis
(Table 1).%" For levodopa-induced dyskinesia this was 14.5-29.6%
within 5 years, and 55.7% within 10 years. This means that within 5-10
years after disease onset, the majority of PD patients suffer from motor
complications. With the aging of the worldwide population, more
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patients will live long enough to fall victim to motor complications.
This adds significant disease burden but also economic costs. Hence,
the need for disease-modifying therapies is high.

Our knowledge about the pathology of PD is expanding and
shows that it is a complex interplay of alpha-synuclein aggregation
and spreading, mitochondrial dysfunction, oxidative stress,
lysosomal dysfunction, and neuroinflammation.”” Therapies
targeting these dysfunctional processes are currently undergoing
extensive research.’”® For alpha synuclein, multiple options
are being investigated, aiming either for the inhibition of its
aggregation (stabilizing small molecule blockers, autophagy
induction with ABL1 inhibitors), reducing its synthesis (antisense
oligonucleotides, small interfering RNAs), preventing its cell-to-
cell transmission (monoclonal antibodies, active immunization),
or reducing its gene transcription (beta2 adrenergic receptor
agonists).’® Improving mitochondrial function has shown promise
in preclinical models by preventing neurodegeneration. Thus far,
however, these results have not translated into a slower disease
progression in PD patients in clinical trials. To improve lysosomal
function, various strategies targeting the beta glucocerebrosidase
(GCase) enzyme have been investigated.”® These include increasing
GCase activity (GCase modulators), reducing accumulated GCase
substrate (glucosylceramide synthase inhibitors) and GBA1 gene
therapy. LRRK2 inhibitors and LRRK2 antisense oligonucleotides
are in clinical development aiming to decrease LRRK2 activity in PD
patients with a LRRK2 mutation, but might also be useful for patients
without a mutation but with elevated LRRK2 activity.’® Targeting
neuroinflammation is another strategy that is being investigated, for
example by inhibiting the NLRP3 inflammasome.’® Lastly, stem cell-
based therapies are in early phase clinical development. Studies
investigate transplantation of dopamine neurons derived from
embryonic stem cells or induced pluripotent stem cells to replace
lost dopaminergic cells.’ In addition, mesenchymal stem cells are
investigated for their neuroprotective and immunomodulatory
effects.202"

Despite all efforts, no disease-modifying drug has reached the
market yet. When it does, it is expected to slow disease progression
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but not cure the disease. Therefore, the need for symptomatic
treatment of response fluctuations in Parkinson'’s disease remains
high. In the next section, an overview of drugs that are currently in
clinical developmentis provided.

Symptomatic treatments in clinical development for

response fluctuations
INTERMITTENT OFF

For sudden unpredictable oFfF periods, there are currently only
two treatment options available, i.e., subcutaneous apomorphine
injection (APO-go, APOKYN) and levodopa dry powder inhalation
(Inbrija). Between 2020 and 2023, apomorphine sublingual film
(kyNmoOBI) was shortly available in the us and Canada, but it was
discontinued, again reducing the number of treatment options.
Currently, there are only a few alternatives in development, of which
two are described in this thesis: 1) Staccato apomorphine inhalation,
2) oromucosal apomorphine solution for buccal delivery, and 3)
levodopa dry powder inhalation (Cyclops). Staccato apomorphine
is further investigated in an ongoing phase 2 clinical trial expected
to complete in March 2024.22 The Cyclops dry powder inhaler has
completed a phase 2 clinical trial,® and recently in 2023, a pilot
comparative bioavailability study investigating levodopa Cyclops
and Inbrija.?* Between November 2023 and December 2024, a
study will be conducted to investigate and compare the usability
of both inhalation devices.?® According to pureims, the developer
of levodopa Cyclops, these studies are undertaken to support
a marketing authorization in the us.?® Although both Inbrija and
Cyclops deliver levodopa as a dry powder for inhalation, differences
between the devices exist. For Inbrija, patients must complete
multiple steps to inhale a full dose (2 capsules). This involves
removing a capsule from its blisterimmediately before use, loading
it into the inhaler, inhaling and holding the breath for 5 seconds,
removing the capsule, loading a second one, and repeating the
process. Following the second inhalation, the inhaler’'s mouthpiece
must be cleaned.?” So even though the administration route is more
user-friendly than a subcutaneous injection, it does require patients
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to complete multiple fine finger movements during an OFF state.
On the other hand, the levodopa Cyclops inhaler requires fewer
steps. Opening the pouch containing the inhaler and pulling out a
cover foil readies it for use.?® These steps are fewer than those for
Inbrija because the Cyclops inhaler comes prefilled with levodopa.
Additionally, being a single-use inhaler eliminates the need for
cleaning. These differences suggest that the levodopa Cyclops
inhaler may offer an even more straightforward administration route,
although this hypothesis requires confirmation in the planned study
comparing the usability of both devices.

CONTINUOUS DELIVERY

Another avenue to decrease symptom fluctuations (OFF episodes
and dyskinesia) is to provide a more continuous stimulation of the
(dopaminergic) neuronal system. A few treatment options are already
available, namely DBS, continuous subcutaneous apomorphine
infusion and continuous levodopa-carbidopa intestinal infusion.?’
However, research is ongoing to develop other drugs/formulations.
Currently, there are three subcutaneous formulations in development
for continuous infusion of (fos)levodopa/(fos)carbidopa. Two are
in late stage development (NDO612, ABBV-951), and one is in early
stage development (D12102).3%3! The advantage of continuous
subcutaneous levodopa/carbidopa administration, as opposed to
intestinal administration, is that no surgery to insert a permanent
percutaneous endoscopic gastro-jejunal (PEG-J) tube is needed.
This is considered an invasive procedure and there is a considerable
risk for device complications.?” Continuous subcutaneous levodopa/
carbidopa infusion has been shown to result in stable drug plasma
concentrations.3%3233 For ABBV-951, the product that is furthest in its
development, ON time without troublesome dyskinesia has been
shown to increase with 2.72 + 0.52 hours/day, compared to 0.97 =
0.50 hours for oral immediate-release levodopa/carbidopa.3* ABBV-
951 can be used as a monotherapy, but NDO 612 should be combined
with oral levodopa/carbidopa to reach therapeutic concentrations,
which might be a disadvantage of the latter pump.3' Moreover,
continuous subcutaneous therapies can result in infusion site
reactions.?' Another continuous therapy being investigated is the
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DopaFuse, which provides continuous oral delivery of levodopa/
carbidopa to the back of the mouth via a specialized mouthpiece. It
is a non-invasive delivery system, but it does not bypass the gastric
dysmotility or the challenges related to erratic gastric emptying
prevalentin PD patients. However, phase 2 results published in the Eu
Clinical Trials Register do show that it leads to less fluctuating plasma
levels than oral immediate-release levodopa/carbidopa tablets.?® In
addition, OFF time was 1.51 + 1.44 hours/day when DopaFuse was
combined with a morning oral levodopa/carbidopa dose, compared
to 3.23 + 2.18 hours/day for oral levodopa/carbidopa tablets alone.
One should note that this was a single arm non-randomized study,
so future studies should address its efficacy further. Complications
associated with the oral device occurred in 31.25% of the patients.

EXTENDED RELEASE

Anotherwayto achieve more stable levodopa plasma concentrations,
is the use of extended release formulations. Three extended-release
levodopa/carbidopa capsules are in clinical development: I1Px203,
DM-1992 and the Accordion Pill. IPx203 is a capsule containing
immediate-release levodopa/carbidopa granules and extended-
release levodopa beads with an enteric coating to prevent early
disintegration in the stomach. In a phase 3 trial, IPX203 resulted in
0.53 more hours of on time without troublesome dyskinesia per
day compared to immediate-release levodopa/carbidopa, while it
had to be dosed less often (3 versus 5 times/day).¢ The New Drug
Application (NDA) that was submitted to the FDA was rejected in July
2023.The FDA requested additional safety information on carbidopa
inthe formulation. The company will resubmit the NDA with additional
information when available.?® The other two formulations, bmM-1992
and the Accordion Pill, are both gastric retentive formulations
including immediate and extended release components. DM-1992
swells when exposed to gastric fluid and the Accordion Pill consists
of folded sheets in a capsule that extend while in the stomach. As
a result, both formulations remain in the stomach longer, where
they dissolve slowly and provide controlled release of levodopa
to the small intestine.®” Phase 2 results comparing bM-1992 with
immediate-release levodopa/carbidopa were positive for bmM-1992,
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demonstrating steadier levodopa plasma concentrations and
reduced OFF time despite a lower dosing frequency.® However, no
follow up studies with DM-1992 have been reported in study registries
afterthis publication in 2015. The same is observed for the Accordion
Pill. This formulation was investigated in a phase 3 clinical trial that
completed in 2019. Topline results shared in July 2019 indicated that
the Accordion Pill was not superior to immediate-release levodopa/
carbidopa in reducing daily ofFf time.3® Nevertheless, in 2020, the
company suggested that this lack of superiority might be attributed
to the administration of doses that were too low to reach optimal
efficacy. This idea was supported by the fact that patients who did not
reach the maximum dose during the dose titration phase did show
a relevant reduction in OFF time. Consequently, the pharmaceutical
company expressed the intention to seek a strategic partner capable
of advancing the levodopa Accordion Pill through a final phase 3
pivotal trial and progressing it towards marketing authorization.?
However, results of this trial have not been published to date and
no follow up studies have been registered in the registries. Given
the lack of recent updates on the clinical development progress of
DM-1992 and the Accordion Pill, the main hope isfor 1IPx203 to reach
the market.

LEVODOPA-INDUCED DYSKINESIA

The focus of this thesis was the treatment of sudden intermittent oFr
periods. However, most patients with advanced PD also experience
dyskinesia which has a major impact on their quality of life. To
reduce dyskinesia, one can change the treatment regimen (timing,
dose), have DBS surgery, or use the abovementioned continuous
therapies that provide lower peak-trough oscillations. Moreover,
amantadine, a non-selective N-methyl-D-aspartate (NMDA) glutamate
receptor antagonist, has shown benefit in reducing dyskinesia
by reducing glutamatergic activation. However, it can result in
neuropsychological side effects which limit its use. Several other
more selective glutamatergic drugs have been evaluated but clinical
development has been stopped due to insufficient anti-dyskinetic
effect.®> Another glutamatergic drug, dipraglurant, an mGIuRs5-
negative allosteric modulator, was already in phase 2b/3 clinical
trials, when the study was terminated in mid-2022.44" According to
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Addex Therapeutics this was due to the slow recruitment of patients.
Only Av-101, a selective NMDA receptor antagonist, seems to be still
in development targeting the glutamatergic system.*? Not only the
glutamatergic system is expected to play a role in dyskinesia, but
also the serotonergic system. It is known that serotonergic neurons
can take over the function of striatal dopaminergic neurons, but
since they lack autoreceptors and dopamine reuptake abilities,
they release dopamine in an uncontrolled manner.®® Therefore,
inhibition of serotonin neurons (via Gj-coupled 5-HT; receptors)
might prove beneficial in reducing dyskinesia.?” Various drugs are
in development to test this hypothesis and initial results are positive.
Drugs in clinical developmentinclude 5-hydroxytryptophan (5-HTP),
buspirone/zolmitriptan (JM-010), eltoprazine, and befiradol.3744
In addition, the D3 antagonist, mesdopetam has shown benefit in
phase 2 clinical trials and is therefore expected to progress to phase
3 clinical trials.**%¢ Lastly, two phosphodiesterase inhibitors are in
development. cPL500036, a phosphodiesterase 10A (PDE10A)
inhibitor, has shown anti-dyskinetic effects without reducing the
effect of levodopa in an animal PD model,*” and is expected to
complete its phase 2 trial in PD patients with levodopa-induced
dyskinesia at the end of 2023.#% Lenrisopodun, a PDE1 inhibitor, is
currently also in phase 2 clinical trials, where it is investigated as an
adjunctive therapy for PD patients with wearing oFF symptoms and
levodopa-induced dyskinesia.*

INITIAL TREATMENT WITH NOVEL (MORE PHYSIOLOGICAL) DOPAMINE
AGONISTS

The abovementioned treatments in development are all focused on
treating patients that already experience motor fluctuations and/or
dyskinesia. However, ideally, we are able to at least delay the onset
of these complications. Previously, it was thought that delaying
the initiation of levodopa might help delay the onset of motor
fluctuations and dyskinesia. The LEAP study has shown that this is not
the case, and that starting levodopa later in early PD patients does
not reduce or delay response fluctuations. In contrast, the group
that started levodopa earlier had fewer patients experiencing motor
response fluctuations after 80 weeks, underscoring the importance
of timely intervention.5°

CHAPTER 8 - SUMMARY AND DISCUSSION



196

Another option that has been contemplated is to start treatment
in early PD patients with a levodopa-sparing therapy instead of
levodopa. The PD-MED study has shown that patients that started
on levodopa compared to a levodopa-sparing therapy (dopamine
agonist or MAO-B inhibitor) were more likely to develop dyskinesia,
but showed no differences in motor fluctuations. Despite the higher
likelihood of developing dyskinesia, patients initially treated with
levodopa had small but persistent higher patient-rated mobility
scores and had less side effects (mainly psychological, sleep
disturbance, and gastrointestinal). Hence, levodopa was, and still
is, considered the preferred initial treatment in most patients.®
However, if a dopamine agonist with a better risk-benefit profile
would become available, this preference might shift. Tavapadon
might be such a dopamine agonist. It is a novel selective D1/D5
partial agonist.® Preclinical studies have shown that it improves
motor function as effectively as levodopa but with a longer duration
of effect. Moreover, animal studies have shown that D1/5- but not
D2/3-selective dopamine agonists can improve motor symptoms in
animals with progressive neurodegeneration that are unresponsive
to levodopa.®? This indicates that D1/5 agonism could be useful
both in early as well as advanced pb. Tavapadon is currently indeed
investigated in multiple phase 3 clinical trials as a monotherapy in
treatment-naive early PD patients, as well as an adjunctive treatment
in levodopa-treated patients with motor fluctuations.>*¢ Due to
its partial D1/5 agonism, tavapadon is hoped to result in fewer
D2/3-associated side effects (e.g. impulse control disorder, sleep
disturbance) and less D1/5 full agonism-associated side effects (e.g.
cardiovascular and dyskinetic side effects). Its partial agonism is also
expected to provide a more physiological stimulation, since the
likelihood of receptor overstimulation and hence desensitization
and tolerance is lower. A final added benefit of D1 stimulation is
that D1 is not only involved in motor control but also in cognition,
and hence might have a beneficial effect on cognition. Results from
phase 1 and phase 2 clinical trials are encouraging with significant
improvements in motor function and MDS-UPDRS I-11l combined
scores, a substantially longer half-life (~24 hours) than levodopa and
available D2/3 agonists, and only mild cardiovascular changes (e.g.
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decreases in blood pressure, increases in heart rate).>? The phase 3
clinical trials will have to confirm whether tavapadon will live up to its
potential.

The development of response fluctuations is largely due to the
progressive degeneration of dopaminergic neurons, but also partly
due to non-physiological pulsatile stimulation by dopaminergic
drugs. By developing drugs that provide a more physiological
stimulation, we may be able to delay the development of response
fluctuations and dyskinesia. Positive allosteric modulators (PAMs)
have been implicated to provide such a more physiological
stimulation. They do not directly activate the dopamine receptor, but
enhance the effects of endogenously available dopamine. Therefore,
they have the potential to prevent excessive stimulation and resulting
receptor desensitization and the development of tolerance, as well
as contribute to a better tolerability profile. D1 PAMs are already
in development for PD. A phase 1b study in PD patients has been
completed with mevidalen (LY3154207) showing improved motor
function in all patients receiving mevidalen and in some receiving
placebo.’” However, the compound is further being developed for
symptomatic Lewy body dementia.>® Another D1 PAM, ucB0022, has
shown preclinically to improve motor function similar to levodopa
but with less dyskinesia.*® It will be investigated in a phase 2 clinical
trial starting atthe end of 2023. The trial will evaluate the effect on oFF
time when ucB0O022 is given as an adjunctive therapy to advanced PD
patients.*” UCBO022 has notyet been investigated as a monotherapy
and compared to the efficacy of levodopa in PD patients, but this
will be an interesting next step. Similarly, D2 PAMs hold promise for
progressing the treatment of PD by offering a more physiological
stimulation compared to existing dopamine agonists. However, its
development is still in the preclinical stage.°

Other applications of Staccato inhalation and buccal
drug delivery

The Staccato technology is designed to administer drug aerosol
particles into the deep lung with a single breath. The Staccato device
holds a distinct advantage over other inhalation devices due to its
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excipient-free composition. Unlike pressurized metered dose inhalers
(pMDls), it does not require coordination between device actuation
and inhalation.®> Moreover, unlike most dry powder inhalers that
require a moderate-to-high inspiratory flow rate (usually at least 30
L/min) to separate the drug from the carrier particles and aerosolize
it, the Staccato device requires only a low inspiratory flow rate of
about 15 L/min for device actuatation.®*¢3 But above all, inhalation of
a drug with the Staccato device results in rapid systemic absorption,
mimicking that of an intravenous administration. In this thesis, we
indeed showed that maximum apomorphine plasma concentrations
were reached within 1-2 minutes after inhalation and that motor
symptoms in PD patients were improved at the first measurement
time point 10 minutes post administration. This rapid absorption, and
consequently, quick onset of action, provides opportunities to use
the Staccato device in other indications that require quick resolution
of complaints. Indeed, Staccato loxapine has already been approved
for the acute treatment of agitation associated with schizophrenia
or bipolar | disorder.¢*% The phase 3 trials showed improvements in
agitation at the first assessment at 10 minutes post administration,
which is significantly earlier than for oral or intramuscular loxap-
ine.” Moreover, ongoing research is exploring other therapeutic
indications. A currently ongoing phase 3 trial in epilepsy patients
investigates the safety and tolerability of Staccato alprazolam which is
intended for the rapid termination of epileptic seizures.®®*? The phase
2b study showed promising results, i.e., Staccato alprazolam resulted
in a significantly greater proportion of patients with seizure cessa-
tion within 2 minutes and no recurrence within 2 hours, compared to
placebo.”®In addition, Staccato granisetron is being investigated for
the acute treatment of sudden, repeated episodes of severe nausea
and vomiting (cyclic vomiting syndrome). The phase 2 study has been
completed in 2022, but results are pending.”’ In addition to these
therapeuticindications, many others that require acute treatment can
be explored, for example acute allergic reactions.

Buccal drug administration can be used both for local and systemic
treatment. The focus of this thesis was on achieving systemic expo-
sure through buccal drug delivery. Small lipophilic drugs can be
easily absorbed through the buccal mucosa while avoiding first-pass
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hepatic metabolism and enzymatic degradation in the gastrointesti-
nal tract. Moreover, buccal drug administration is considered more
user-friendly than e.g. intravenous, subcutaneous or rectal admin-
istration. Hence, it provides an administration route that is not only
interesting for the treatment of OFF episodes (this thesis), but also
for various other indications. However, despite this potential, only a
limited number of buccal formulations are on the market. Available
formulations include oromucosal solutions (e.g. midazolam),”? buccal
films (e.g. buprenorphine/naloxone, and fentanyl),”*’* and buccal
tablets (e.g. fentanyl, prochlorperazine, and testosterone).”>’” The
development of buccal formulations has many challenges, including
the residence time of the drug in the buccal cavity. This time is usually
limited due to insufficient adhesion of the formulation to the wet
buccal mucosa and swallowing of the drug with the saliva. Another
challenge, especially for larger and hydrophilic drugs, is crossing
the mucosal barrier that consists of multiple epithelial cell layers
and a mucus layer. To overcome these challenges, current research
is focused on the development of mucoadhesive films and patches
that strongly adhere to the buccal cavity.”®’” This increases the drug'’s
residence time and hence the time available for drug absorption. Also
significant research efforts are targeted at using nanoparticles as drug
carriersin buccal formulations.® These nanocarriers can increase the
permeability of the drug through the mucus layer and protect the
drug from enzymatic degradation. Moreover, the nanoparticles can
be adjusted to have controlled or sustained release characteristics.
Toincrease bioavailability, researchers are also exploring permeation
enhancers that can effectively increase the permeability of the buccal
mucosa without toxicity.”® For protein and peptide delivery, protease
inhibitors may also be added to buccal formulations to protect the
drug from degradation.

Taken together, extensive research is being conducted on buccal
drug delivery systems to enhance systemic exposure and to expand
the range of drugs that can be delivered via the buccal route beyond
that of small lipophilic compounds. In this pursuit, mucoadhesive
buccal films and patches containing drug-loaded nanoparticles,
possibly with permeation enhancers and protease inhibitors, hold
promise for the future.
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OVERALL CONCLUSION

With the aging of the worldwide population, more PD patients will
live long enough to fall victim to response fluctuations. This has a
significant impact on their quality of life. Although there is hope
that disease-modifying drugs will enter the market, these drugs are
expected to slow disease progression rather than cure the disease.
Consequently, the need for symptomatic treatment is expected to
remain in the future. The goal is to develop user-friendly symptomatic
drugs with fewer side effects to improve patient’s quality of life.
Fortunately, there are several drugs in clinical development that
target response fluctuations. These include novel apomorphine
formulations, as discussed in this thesis, which show promise in
treating sudden OFF episodes. To accurately assess the (onset of)
efficacy of fast-acting dopaminergic drugs, future clinical trials could
be improved by adding finger tapping tasks as a pharmacodynamic
measurement.
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TABLE 1 Cumulative incidence of motor fluctuations and levodopa-induced dyskinesia in
incident population-based Parkinson’s disease cohorts from the time of diagnosis.

Reference Cohort size Motor fluctuations Levodopa-induced
dyskinesia
Scottetal. 2016 N=189 22.8% at 5 years 29.6% at 5 years
Bjornestad etal. 2016 N=189 42.9% at 5 years 24.3% at 5 years
Kim et al. 2020 N=141 54.3% at5years 14.5% at 5 years
100% at10years 55.7% at10 years
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FIGURE 1 Symptomatic treatments in development for response fluctuations.

DRUG
Intermittent OFF

MECHANISM OF ACTION

PHASE 1 PHASE 2

PHASE 3 NDA

REFERENCES

Staccato apomorphine
inhalation (Az-009)

D1 and D2 agonist

Oromucosal apomorphine
solution for buccal delivery
(APORON)

D1 and D2 agonist

Levodopa dry powder
inhalation (Cyclops)

Dopamine precursor

Continuous delivery

Continuous subcutaneous
levodopa/carbidopa infusion
(ND0612)

Dopamine precursor

Continuous subcutaneous
foslevodopa/foscarbidopa
infusion (ABBV-951)

Prodrug of levodopa/carbidopa

Continuous subcutaneous
levodopa/carbidopa infusion
(D12102)

Dopamine precursor

1

Continuous oral
levodopa/carbidopa
(DopaFuse)

Dopamine precursor

Extended release

Levodopa/carbidopa oral
capsules (1Px203)

IR LD/CD granules and ER LD
beads with enteric coating.
Dopamine precursor.

Levodopa/carbidopa oral
tablets (DM -1992)

IR LD/CD layer and ER LD/CD
gastroretentive core. Dopamine
precursor.

|

Levodopa/carbidopa
accordion pill

Gastro-retentive multilayer
sheets with IR cD and IR/ER LD.
Dopamine precursor.

Levodopainduced dyskinesia

AV-101
(L-4-chlorokynurenine)

NMDA glycine site antagonist

5-hydroxytryptophan
(5-HTP)

Serotonin precursor

Buspirone/zolmitriptan
(Um-010)

5-HT1A agonist and 5-HT18/
5-HT1D agonist combination

1

Eltoprazine

5-HT1A and 5-HT1B agonist

Befiradol (NLx-112)

Selective 5-HT1A agonist

Mesdopetam (IRL790)

D3 antagonist

CPL500036

PDE10A inhibitor

1l

Lenrisopodun (IT1-214)

PDE1 inhibitor

Partial agonism and positive allosteric modulation

Tavapadon

Partial D1/D5 receptor agonist

ucB0022

D1 positive allosteric modulator

i

Based on literature reviews,*”%' trial registries (clinicaltrialregister.eu, clinicaltrials.gov) and press releases.
cD, carbidopa; ER, extended-release; IR, immediate-release; LD, levodopa; NDA, New Drug Application.
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De ziekte van Parkinson is een progressieve neurodegeneratieve
aandoening die wereldwijd miljoenen mensen treft. Ondanks alle
onderzoeksinspanningen is er momenteel geen ziekte-modificeren-
de behandeling beschikbaar en blijft symptomatische behandeling
de enige behandelmethode.

Naarmate de ziekte vordert, ervaren patiénten motorische en
niet-motorische symptoomschommelingen die aanzienlijke invloed
hebben op hun dagelijkse activiteiten en kwaliteit van leven. Ze
wisselen tussen perioden van een goede respons op medicatie
(ON) en perioden van onvoldoende respons (OFF). Apomorfine
is een dopamineagonist die al drie decennia lang wordt gebruikt
om OFF-perioden te behandelen. Het is beschikbaar als subcuta-
ne intermitterende injecties en als subcutane continue infusie. De
intermitterende injecties zijn met name geschikt voor patiénten met
slechts enkele oFF-perioden per dag (de focus van dit proefschrift).
Ondanks de effectiviteit van apomorfine, wordt het onvoldoen-
de gebruikt omdat de beschikbare toedieningsroutes niet erg
gebruiksvriendelijk zijn. Zo moeten patiénten in staat zijn om zich-
zelf te injecteren tijdens hun oFF-perioden en is de plaats waar ze
moeten injecteren vaak bedekt met kleding. Ook reacties op de
injectieplaats en angst voor naalden kunnen ervoor zorgen dat pati-
enten apomorfine liever niet gebruiken. Er is dus behoefte aan een
gebruiksvriendelijkere manier van toedienen.

APOMORFINE

In dit proefschrift onderzochten we twee nieuwe apomorfine for-
muleringen die naar verwachting gebruiksvriendelijker zijn. In
hoofdstuk 2 en 3 werd de absorptie, veiligheid en effectiviteit van
apomorfine orale inhalatie onderzocht in gezonde vrijwilligers en
Parkinson patiénten. Staccato apomorfine (Az-009) bereikte maxi-
male plasmaconcentraties 1-2 minuten nainhalatie en verbeterde de
motorische functie (gemeten met MDS-UPDRS 111) bij Parkinson pati-
ententijdens een geinduceerde oFF-periode vanaf de eerste meting
10 minuten na toediening. In vergelijking met de subcutane apomor-
fine injectie, waarbij het ongeveer 30 minuten duurde om maximale
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plasmaconcentraties te bereiken, was de systemische absorptie bij
inhalatie dus aanzienlijk sneller. Dit betekent dat apomorfine inhala-
tie mogelijk voor een snellere overgang van OFF naar on kan zorgen
dan subcutane injectie. Om dit met zekerheid vast te stellen, is een
directe vergelijking van beide formuleringen in een volgend onder-
zoek nodig.

In gezonde vrijwilligers werd apomorfine inhalatie slecht
verdragen met misselijkheid, braken en lage bloeddruk als
de meest problematische bijwerkingen. Parkinson patiénten
daarentegen verdroegen dosissen tot en met 4 mg goed in zowel
enkele als meervoudige doseringen. De meest voorkomende
bijwerkingen waren gerelateerd aan de inhalatie, namelijk hoesten
en keelirritatie. Deze bijwerkingen waren mild en van voorbijgaande
aard, en verdwenen meestal binnen enkele minuten. Bij driemaal
daags doseren met 2 uur tussen opeenvolgende doseringen
werden geen duidelijke plasma accumulatie en veranderingen in
het veiligheidsprofiel waargenomen. In de klinische praktijk wordt
subcutaan apomorfine gestart met een lage dosis (1 of 2 mg) en
stapsgewijs verhoogd tot een dosis is bereikt met een optimale
balans tussen bijwerkingen en effectiviteit. In de studies beschreven
in hoofdstuk 2 en 3 kregen patiénten een vooraf bepaalde dosis.
Dit heeft waarschijnlijk geleid tot een suboptimale dosering,
waarbij de dosis voor sommige patiénten te hoog was en daardoor
bijwerkingen veroorzaakte, en voor anderen mogelijk te laag was
om optimale effectiviteit te bereiken. Hoewel deze eerste studies
aantonen dat Az-009 de motorische functie verbetert, zijn de
beschreven effecten waarschijnlijk een onderschatting vanwege
deze suboptimale dosering. Toekomstige studies moeten daarom
het effect van Az-009 onderzoeken wanneer het wordt toegediend
in de optimale dosis voor de patiént. Momenteel loopt er een
fase 2 studie met een open-label titratiefase gevolgd door een
dubbelblinde thuisbehandelingsperiode. Dit onderzoek zal dus
meer informatie geven over de effectiviteit van een getitreerde dosis
en over het gebruiksgemak van de inhalator door patiénten tijdens
een OFF-periode in de thuissituatie. Toekomstige studies moeten
ook de (pulmonale)veiligheid en verdraagbaarheid op lange termijn
onderzoeken.
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Samengevat geven hoofdstuk 2 en 3 vertrouwen voor de verdere
ontwikkeling van Staccato apomorfine (Az-009) in grootschaliger
studies.

In hoofdstuk 4 werd een oromucosale apomorfine oplossing voor
buccale toediening onderzocht. De veiligheid, verdraagbaarheid en
farmacokinetiek van de oromucosale oplossing werden vergeleken
met een subcutane apomorfine injectie en een sublinguale apomor-
fine film. Zowel de subcutane injectie als de sublinguale film waren
op de markttoen de studie uitgevoerd werd. Echter, in 2023 werd de
sublinguale apomorfine film door Sunovion van de markt gehaald
vanwege 'beperkt gebruik’. Het bedrijf gaf geen verdere informatie
over de reden van terugtrekking, maar het zou verband kunnen hou-
den met de relatief hoge incidentie van orofaryngeale bijwerkingen
bij herhaalde blootstelling. De bijwerkingen zijn waarschijnlijk het
gevolg van auto-oxidatie van apomorfine in het speeksel, wat leidt
tot de vorming van quinone derivaten en reactieve zuurstofverbin-
dingen die zijn geassocieerd met cytotoxiciteit. Er wordt gedacht dat
dit minder zal gebeuren wanneer apomorfine als oplossing wordt
toegediend, maar dit zal in toekomstige studies bevestigd moe-
ten worden. We toonden in hoofdstuk 4 al wel aan dat kortdurende
behandeling met oromucosale apomorfine over hetalgemeen goed
werd verdragen zonder orofaryngeale bijwerkingen en afwijkingen
aan de buccale mucosa. Hoewel er relevante en reproduceerba-
re plasmaconcentraties werden bereikt, is de blootstelling naar
verwachting niet voldoende om alle Parkinson patiénten te behan-
delen. Momenteel is de maximale dosis die kan worden toegediend
14 mg (0,2 mL). Het toedienen van een groter volume wordt afge-
raden om speekselproductie en het opwekken van een slikreflex te
voorkomen. Om de oromucosale oplossing bruikbaar te maken voor
de hele Parkinson populatie, wordt aanbevolen andere opties te
onderzoeken om de blootstelling te verhogen. Een optie die onder-
zocht kan worden, is het gebruik van een andere spraykop die in
staatis de oplossing over een groter buccaal gebied te verspreiden.
Dit vergroot het oppervlak waarover absorptie kan plaatsvinden.
Ook het veranderen van de samenstelling van het oplosmiddel is
iets dat onderzocht kan worden. Zo zou het toevoegen/verhogen
van ethanol bijvoorbeeld de oplosbaarheid van apomorfine kunnen
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verbeteren, de buccale absorptie verhogen en de dispergeerbaar-
heid van de oplossing verbeteren (waardoor het oppervlak opnieuw
toeneemt). Tot slot zou de toevoeging van een permeatieverbete-
raar aan de formulering de buccale absorptie kunnen verhogen.
Vanwege het risico op lokale irritatie bij langdurig meermaal daags
gebruik wordt dit echter als een minder geschikte optie gezien.

De mediane tijd waarop de maximale plasmaconcentraties van
de oromucosale apomorfine oplossing werden bereikt, varieerde
tussen de 32 en 53 minuten in de verschillende dosisgroepen. De
volledige range besloeg 15-120 minuten. De absorptie was dus tra-
ger dan van subcutane injecties in de buik (19 minuten, range: 8-40
minuten (hoofdstuk 4)) en vergelijkbaar, zij het aan de lagere kant,
met subcutane injecties in het dijbeen, zoals beschreven in hoofd-
stuk 2 (30 minuten, range: 20-60 minuten). Daarnaast was het ook
aanzienlijk langzamer dan apomorfine inhalatie zoals beschreven
in de hoofdstukken 2 en 3. Toekomstige studies moeten daarom
de aanvang van het effect onderzoeken om te bevestigen dat deze
formulering daadwerkelijk geschikt is als noodmedicatie voor
OFF-perioden.

Een beperking van de apomorfine studies die we in dit proefschrift
beschrijven, is het ontbreken van onderzoek naar het gebruiksge-
mak van de inhalator en de spray. Aangezien de ontwikkeling van
nieuwe apomorfine formuleringen gericht is op het vinden van een
minder invasieve en gemakkelijker te gebruiken formulering, is het
van cruciaal belang dattoekomstige studies verifiéren dat Parkinson
patiénten de inhalator en de spray zelfstandig kunnen gebruiken
tijldens een oFF-periode. Er zijn echter al bemoedigende resulta-
ten gepubliceerd over het gebruik van poederinhalatoren door
Parkinson patiénten. Luinstra en collega'stoonden aan dat de mees-
te Parkinson patiénten een poederinhalator konden gebruiken, een
voldoende hoge inademingssnelheid hadden en in staat waren hun
adem tot 5 seconden in te houden na inhalatie. Bovendien is een
levodopa poederinhalator reeds goedgekeurd voor de behandeling
van OFfF-perioden. In een fase 2b-studie met deze inhalator waren
patiénten in staat om de inhalator voor te bereiden voor gebruik
en zelf de medicatie toe te dienen. Wel uitten sommige patiénten
bezorgdheid over het gebruik van de inhalator tijdens tussentijds
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telefonisch contact (7% placebo, 14% levodopa). Over hetalgemeen
bevestigt dit dat een inhalator kan worden gebruikt door (de mees-
te) Parkinson patiénten.

ACUTE EFFECTEN VAN DOPAMINERGE
MEDICATIE

Om het effect van nieuwe snelwerkende medicatie te onderzoeken,
zijn objectieve, kwantitatieve en snelle metingen ideaal. Vooral voor
de behandeling van offF-perioden is het bepalen van de aanvang
van het effect essentieel om te kijken of een medicijn geschikt is
voor deze indicatie. Momenteel wordt vaak de vrij uitgebreide MDs-
uPDRS deel 11-schaal gebruikt om de effectiviteit van medicijnen te
beoordelen. Hoewel deze schaal goed werkt, vereist het een getrain-
de beoordelaar, duurt hetrelatief lang om uitte voeren (ongeveer 15
minuten) en is het onderhevig aan variatie tussen en binnen beoor-
delaars. In de hoofdstukken 5 tot en met 7 van dit proefschrift hebben
we meerdere vingertaptaken geévalueerd op hun geschiktheid als
objectieve, kwantitatieve en snelle farmacodynamische metingen.

In hoofdstuk 5 werden vier verschillende touchscreen vinger-
taptaken onderzocht in een technische validatiestudie in gezonde
vrijwilligers. Er werden twee soorten taken getest, namelijk afwisse-
lend wijs- en middelvinger tappen met 2,5 cm tussen cirkels ('IMFT’),
en afwisselend wijsvinger tappen met 20 cm tussen cirkels ("IFT’).
Beide taken werden onderzocht met en zonder een visuele aan-
wijzing (‘cue’). De resultaten gaven aan dat de visuele aanwijzing,
in plaats van het signaleren van de volgende cirkel, onmiddellijke
visuele feedback gaf. Wanneer deelnemers buiten de cirkel tapten,
verscheen de volgende cirkel niet, waardoor de deelnemers pau-
zeerden en de fout corrigeerden. Ditresulteerde in een verminderde
tap snelheid en minder vermoeidheid in beide taken. Of en hoe deze
resultaten zich zouden vertalen naar een Parkinson populatie was
onzeker en zou verdere validatie in een Parkinson populatie hebben
vereist. Deze onzekerheid, gecombineerd met de goede prestaties
van de taken zonder aanwijzing, leidde tot de beslissing om alleen
de taken zonder aanwijzing verder te valideren in hoofdstuk 6.
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Er werden geen significante verschillen waargenomen in vingertap
metingen binnen een dag, maar wel tussen dagen. Het leek erop
dat deelnemers hun tapstrategie tijdens het tweede bezoek veran-
derden, waarbij ze snelheid prioriteerden boven nauwkeurigheid,
mogelijk als gevolg van bekendheid met de taak. Het ontbreken van
een leereffect binnen een dag ondersteunde de verdere evaluatie
van deze touchscreen taken als reactie op snelwerkende medicatie,
zonder de noodzaak van uitgebreide trainingssessies. Vanwege de
waargenomen veranderingen tussen dagen werd de vervolgstudie
uitgevoerd met een gebalanceerd crossover design (hoofdstuk 6).

Samengevat, liet deze technische validatiestudie zien dat de IMFT
en IFT taken goed functioneerden en herhaalbaar waren, en datsnel-
heids-, nauwkeurigheids- en ritme-gerelateerde parameters een
goede potentiéle gevoeligheid hadden in gezonde vrijwilligers.

Daarom werden in hoofdstuk 6 deze twee touchscreen vinger-
taptaken, samen met een duim-wijsvinger-taptaak (TIFT), verder
geévalueerd in een vervolgstudie in Parkinson patiénten tijdens
een geinduceerde OFF-periode. Deze gerandomiseerde, dubbel-
blinde, placebo-gecontroleerde crossover studie beoordeelde hun
vermogen om dopaminerge medicatie effecten te detecteren en
kwantificeren.

Van de drie taptaken presteerde de IMFT taak het slechtst, dat wil
zeggen, had de laagste effectgroottes. De effectgroottes waren ook
lager dan die van de gouden standaard MDS-UPDRS IiI. Bovendien
was de taak soms moeilijk uit te voeren voor Parkinson patiénten, wat
resulteerde in een hoog percentage dubbele taps. Deze problemen
met het correct uitvoeren en/of registreren van de IMFT taak, gecom-
bineerd met de relatief kleine effectgroottes, maken de taak in de
huidige configuratie het minst geschikt voor gebruik in medicatie
effect studies in Parkinson patiénten. In tegenstellig tot de IMFT taak,
konden patiénten de IFT en TIFT taken zonder problemen uitvoeren.
Levodopa/carbidopa zorgde voor significant sneller tappen (totaal
aantal taps), een verbeterd ritme (standaarddeviatie van tussen-tap
intervals) en verminderde nauwkeurigheid (totale ruimtelijke fout)
in vergelijking met placebo in de IFT taak. Het totaal aantal taps en
de totale ruimtelijke fout hadden de grootste gestandaardiseer-
de effectgroottes en hun grootte was vergelijkbaar met die van de

APPENDICES - NEDERLANDSE SAMENVATTING



218

MDS-UPDRS I1I. In de TIFT taak resulteerde levodopa/carbidopa ver-
geleken met placebo in sneller tappen (open- en sluitsnelheid) met
een grotere amplitude en verbeterd ritme (standaarddeviatie van
tussen-tap intervals). Gemiddelde open- en sluitsnelheid hadden de
grootste effectgroottes en waren vergelijkbaar met de effectgrootte
van MDS-UPDRS I1I. De snelheids-gerelateerde parameters in beide
taptaken vertoonden een matige tot sterke correlatie met de MDs-
UPDRS 111 (r=0,45-0,70). Bovendien vertoonde de standaarddeviatie
van de tussen-tap intervals een sterke correlatie met de MDS-UPDRS
1 in de levodopa/carbidopa groep (r=0,66) en een trend naar een
matige correlatie (r=0,45) in de placebo groep.

Samenvattend boden de IFT en TIFT taken korte, beoordelaar-on-
athankelijke metingen die gevoelig waren voor dopaminerge
medicatie effecten met vergelijkbare effectgroottes als de mMDs-
UPDRS III.

In hoofdstuk 7 werden de resultaten uit de klinische studie in
hoofdstuk 6 gebruikt om machine learning algoritmen te trainen
voor het selecteren van de optimale combinatie van vingertap
parameters (‘samengestelde biomarker’) om de behandeling te
voorspellen (d.w.z. ontving de patiént actieve behandeling of een
placebo?)en de ernstvan de ziekte te schatten (d.w.z. de MDS-UPDRS
111 score). Er werd een samengestelde biomarker gecreéerd voor
elke tap taak afzonderlijk, voor de drie taptaken gecombineerd en
voor de MDS-UPDRS 111. Over het algemeen presteerden de modellen
na correctie voor de baseline beter dan de ongecorrigeerde model-
len. De baseline-gecorrigeerde IFT samengestelde biomarker had
de beste classificatieprestatie (83,50% nauwkeurigheid, 93,95%
precisie, effectgrootte 2,58 = 0,90)) en overtrof de MDS-UPDRS Il
samengestelde biomarker (75,75% nauwkeurigheid, 73,93% precisie,
effectgrootte 2,12 % 1,25). De IFT samengestelde biomarker inclu-
deerde het totale aantal taps en de totale ruimtelijke fout, wat in lijn
was met de verwachtingen op basis van de effectgroottes die gezien
werden in hoofdstuk 6. De baseline-gecorrigeerde IFT samengestel-
de biomarker behaalde ook de beste prestaties bij het schatten van
de MDS-UPDRS 11l score.

Samengevat hebben we aangetoond dat de IFT samengestelde
biomarker beter in staat was om medicatie effecten aan te tonen dan
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de MDs-UPDRS 11l samengestelde biomarker en de samengestelde
biomarker op basis van de drie taptaken gecombineerd. Het
combineren van de meest relevante parameters in plaats van
het gebruik van één enkele parameter verbetert het vermogen
om medicatie effecten aan te tonen. Dit levert bewijs om de IFT
samengestelde biomarker te includeren in toekomstige klinische
studies voor de detectie van medicatie effecten. Ondanks deze
positieve resultaten is het essentieel om op te merken dat deze
conclusies gebaseerd zijn op een relatief klein aantal patiénten.
Om deze beperking aan te pakken, maakte hoofdstuk 7 gebruik van
nested cross-validatie. Desondanks blijft de generaliseerbaarheid
van de bevindingen van deze groep Parkinson patiénten naar
de bredere en heterogene Parkinson populatie onzeker. Hoewel
vingertaptaken goed zijn in het detecteren van bradykinesie in
onderarm- en fijne vingerbewegingen, bieden ze mogelijk geen
alomvattende meting van de motorische functie. Het zou dus zo
kunnen zijn dat bepaalde subsets van Parkinson patiénten geen
verbetering laten zien in vingertappen, terwijl ze wel een verbeterde
algehele motorische functie hebben. Daarom is het essentieel om
de geldigheid, betrouwbaarheid en generaliseerbaarheid van onze
methoden te bevestigen met een onafhankelijke dataset. Daarom
stellen we voor om een vervolgstudie uit te voeren met een groter
cohort Parkinson patiénten met uiteenlopende MDS-UDPRS Il1-scores,
waarin zowel akinetisch-rigide dominante als tremor-dominante
Parkinson subtypen zijn vertegenwoordigd.

Omdat de vingertaptaken slechts 15 tot 30 seconden duren,
kunnen ze herhaaldelijk worden uitgevoerd tijdens klinische
studies. Om deze reden kunnen ze de aanvang van effect en de tijd
tot het maximale effect beter detecteren dan de MDs-uPDRS I11. Een
goede volgende stap is om (tenminste) de IFT taak te includeren
in aankomende studies met de in dit proefschrift beschreven
nieuwe apomorfine formuleringen. De IFT taak zou mogelijk ook
geschikt kunnen zijn voor het testen van medicatie effecten of het
monitoren van ziekteprogressie in een thuisomgeving, maar dit
zou verdere validatie vereisen van de variabiliteit over een langere
periode wanneer de taak uitgevoerd wordt zonder toezicht van
onderzoekspersoneel.
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