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Abstract

Background: Limited treatment options with a rapid onset of action are available to treat off
episodes in Parkinson’s disease (PD) patients. Therefore, the development of rapid onset
formulations, for instance with levodopa, is warranted, which was the reason to investigate an
inhalable formulation of levodopa.

Objectives: The primary objective was to determine the duration until maximum effect is
reached of inhaled levodopa on the improvement of motor function of PD patients. The
secondary objective was to compare the time until maximal effect and the maximal effect of
inhaled levodopa versus oral levodopa.

Design: Open-label randomized two-way one-period crossover trial.

Methods: Nine PD patients in the “off state’ received one dose of inhaled levodopa (90 mg])
from Cyclops® and one dose of levodopa orodispersible tablet (100 mg) on two consecutive
days in a randomized order. A timed tapping test, Timed Up and Go test (TUG test) and
Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS] Ill score
were performed pre-dose and on set time points up to 90 min post-dose as measure for motor
function. In addition, blood samples were taken for a pharmacokinetic evaluation (T, ,,, C,,a
and area under the concentration time curve (AUC) 0-3h).

Results: The maximal effect of inhaled levodopa was reached at 30 min (tapping test), at
75min (TUG test) and at 60 min (UPDRS Il1). The positive effect on the UPDRS was statistically
significant within 20min after inhalation. After oral administration, C,,., and AUC 0-3h were
found to be significant higher (p=0.028 and p=0.028, respectively) than after pulmonary
administration. T, was achieved significantly (p=0.028) faster after inhalation. The motor
function examinations showed a similar maximum clinical improvement after pulmonary and
oral administration and although not significant, inhaled levodopa results in a shorter median
duration to maximum clinical effect for the TUG and timed finger-tapping test compared

with oral administration (TUG: inhalation 55.0 and oral 67.5min, timed finger-tapping test:
inhalation 35.0 and oral 57.5min). After the levodopa inhalation, there were no adverse events
observed and no significant differences found in long-function parameters.

Conclusion: Inhaled levodopa from Cyclops® shows promising data as a rescue therapy for PD
patients with off episodes, not responsive to the current oral therapies.

Trial registration: The study protocol was approved by the local ethics board ‘Regionale
toetsingscommissie patiéntgebonden onderzoek’ (RTPO) in Leeuwarden, The Netherlands
(approval number RTP0O1019). The study was registered in in the Dutch trial register

(LTR) with identification number NL6876. From 5 March 2024 on, the research data on
onderzoekmetmensen.nl are known as ‘Overview of Medical Research in the Netherlands’
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Introduction

Parkinson’s disease (PD) is a progressive neuro-
degenerative disorder characterized by a dimin-
ished dopamine production in the central nervous
system (CNS) due to loss of dopamine-producing
cells in the substantia nigra.! The resulting short-
age of dopamine causes disruptions of motor cir-
cuits in the CNS leading to motor function
impairments like tremor, rigidity and bradykine-
sia.2 Levodopa, non-ergot dopamine agonists and
monoamine oxidase inhibitors are effective in
relieving the motor symptoms and signs of the
disease.?> The effectiveness of this treatment sub-
sides over the years and many patients develop
fluctuations between so-called on periods, char-
acterized by symptom control or possibly hyper-
kinesia, and off episodes, in which the motor
function is impaired.* These off episodes are
often caused by a narrowing therapeutic window
of levodopa’® in combination with a delayed onset
of effect after orally administered levodopa due to
irregular gastrointestinal absorption.®

There were two options available for the treatment
of off episodes in PD patients, namely orodispersi-
ble tablets containing levodopa/benserazide (not
registered for the treatment of off episodes specifi-
cally) and subcutaneous injections of apomor-
phine. However, these two options are often not
satisfactory. Orodispersible tablets containing lev-
odopa appear to work faster than non-orodispersi-
ble tablets, but it can still take up to 30-60 min
before the desired effect is reached and in some
patients, improvement of symptoms does not
occur at all.” The alternative, apomorphine per
injection, has a much faster onset of effect (within
20min), but its use is often accompanied by nau-
sea, vomiting and pain at the site of injection.®
Moreover, the injections are considered more bur-
densome for the patient than other more conveni-
ent routes of administration such as oral or

pulmonary administration and the patient is fre-
quently dependent on a caregiver for the adminis-
tration of the injection. Recently, a third option has
become available on the market in Europe, a levo-
dopa dry powder inhaler (Inbrija® developed by
Acorda Therapeutics, Ardsley, New York, USA).

Inhaled Levodopa seems to be a potent alterna-
tive for dispersible levodopa tablets.%10 After cor-
rect inhalation, a major portion of the levodopa is
immediately available for absorption. Levodopa
inhalation powder facilitates a rapid clinical
response because the levodopa is not subjected to
the metabolizing enzymes, efflux transporter
activity of the gut and first pass metabolism of the
liver that occurs after oral administration.®
Moreover, pulmonary administration bypasses
the irregular gastrointestinal absorption of levo-
dopa in off episodes, leading to unpredictable
clinical responses after oral administration.

So far, the only registered dry-powder inhalation
system for levodopa is Inbrija®, formerly known
as CVT-30,12 which has been FDA approved
since December 2018. This product has a num-
ber of drawbacks, related to both the inhaler (cap-
sule-based) and the levodopa formulation
(excipients and powder volume), which may limit
the suitability of this inhaled levodopa product
and leaves ample room for product optimiza-
tion.13-15 The Cyclops® is a new device developed
by Luinstra et al.,'¢ featuring a novel powder for-
mulation of levodopa suitable for pulmonary
administration. Besides levodopa, this powder
formulation only contains 2% L-leucine.

L-leucine is an amino acid, a building block for
proteins, and thus present ubiquitously in the
lungs.!® The Cyclops® optimizes the drawbacks
described for Inbrija® by using fewer excipients
and by not using capsules. In a previous study,
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the tolerability of the pulmonary administered
levodopa in PD patients was investigated. The
formulation was well tolerated: none of the
patients experienced cough or dyspnea and no
change in pulmonary function was measured.
Also, the pharmacokinetic (PK) results of this
study suggest that the tested levodopa formula-
tion may be particularly beneficial for use during
an off episode.!3

In this article, we present the data of an open-
label crossover trial of pulmonary administered
90-mg levodopa compared with 100-mg oral lev-
odopa in PD patients. The aim of this study was
to determine the time until maximum effect is
reached on motor function of PD patients during
an off episode. Besides the therapeutic effects, we
also present a PK evaluation.

Materials and methods

Materials

Levodopa was purchased from Duchefa Farma
(Haarlem, The Netherlands) and L-leucine from
Sigma-Aldrich (Zwijndrecht, The Netherlands).
The levodopa was mixed with 2% w/w L-leucine
and micronized. The levodopa with 2% L-leucine
powder was weighed manually into the blisters
(30.6mg, corresponding to 30-mg levodopa).
The levodopa formulation was inhaled with the
Cyclops®; a disposable dry powder inhaler.!” The
comparator medication was an oral levodopa/
benserazide orodispersible tablet (Madopar dis-
per) containing 100-mg levodopa and 25-mg
benserazide obtained from Roche Pharmaceuticals
(Woerden, The Netherlands).

Informed consent and ethics

All patients were treated in accordance with the
1964 Helsinki declaration and its later amend-
ments. The study protocol was approved by the
local ethics board ‘Regionale toetsingscommis-
sie patiéntgebonden onderzoek’® (RTPO) in
Leeuwarden, The Netherlands (approval number
RTPO1019). The study was registered in the
Dutch trial register (LTR) with identification
number NL6876. From 5 March 2024 on, the
research data on onderzoekmetmensen.nl are
known as ‘Overview of Medical Research in the
Netherlands’ (OMON). This means that the use
of the name LTR has thus been dropped. Now it
is registered in the OMON with the same

identification number (NL6876). All patients
provided written informed consent.

Study population

Nine participants with PD were recruited from
the ‘Point for Parkinson Centre Groningen’, the
Netherlands. The study was performed between
May 2019 and January 2022 (which was longer
than planned because of the COVID pandemic).
Inclusion and exclusion criteria for the study are
shown in Table 1. Participants were excluded if
they met one or more of the exclusion criteria.

The sample size calculation is based on the differ-
ence in mean time until maximum effect is
reached (7T,,,,) for inhaled levodopa and oral levo-
dopa (Wilcoxon signed-rank test for matched
pairs). Based on an estimated mean of 25 min for
levodopa inhalation powder and 40 min for levo-
dopa orodispersible tablet, both with a standard
deviation of 10min and a correlation between
groups of 0.5, an effect size of 1.5 is obtained. To
show this difference with a power of 90% and an
o of 0.05 (two-sided), a sample size of eight
patients is required. PD patients in a more
advanced stage of their disease sometimes experi-
ence a failure of a levodopa dose to induce an on
state, a so-called ‘no on’ episode. Anticipating
and correcting for this chance of a ‘no on’ epi-
sode, a sample size of nine patients is required.

Study design

The study was an open-label crossover trial in
which the participants received one dose of
inhaled levodopa (90mg) and one dose
(100/25mg) of levodopa/benserazide orodispers-
ible tablet on two consecutive days in randomized
order. The study took 3 days in total for each par-
ticipant and was performed in the ‘Point for
Parkinson Centre Groningen’, the Netherlands.
Admission was in the morning of day 1, and the
investigational drug administrations on the morn-
ings of days 2 and 3. The study was terminated
prematurely if the number of withdrawals is more
than four of the included PD patients, for what-
ever reason. A flowchart of the study design is
shown in Figure 1.

Randomization
The investigator generated a randomization list
for a maximum of 13 participants was produced
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Table 1. Inclusion and exclusion criteria.

Inclusion criteria:

e Diagnosed with Parkinson’s disease according to the UK Parkinson’s Disease Society Brain Bank

Clinical Diagnostic Criteria;
At least 18years of age;

Predictable off episodes totalling =2 h per waking day despite Parkinson disease medications, including

oral levodopa taken at least four times daily;

scale);
At least 2years of levodopa use;

Able to perform spirometry;
Signed informed consent;

Exclusion criteria:

Severe off episodes during the night;

Known symptomatic orthostatic hypotension;
Active pulmonary disease;

Being pregnant or breast-feeding.

Recognizable off episodes for themselves and others;
Sufficiently large (measurable) difference between on and off state (at least 10 points on the UPDRS IlI

At least 4weeks on a stable medication scheme prior to inclusion;

First morning levodopa dose equivalent to 100 mg levodopa?

Cognitive dysfunction, which precludes good understanding of instructions and/or informed consent;
Current treatment with apomorphine or duodopa by pump;

Current or past experience with depression/depressed mood;

Prolonged QT-interval, an extended period of time between the heart’s Q and T waves on ECG;

aAn amendment of the inclusion criteria was made during the study since patients on a morning dose of 100mg
experienced few off episodes, which made inclusion difficult. Because of this, the standard oral morning dose of patients
1-3 and 5-8 (patient 4 was excluded) was limited to 100 mg of levodopa, whereas for patients 9 and 10 this restriction was

removed.
UPDRS, Unified Parkinson’s Disease Rating Scale.

for the order in which the two intervention treat-
ments (1: 90mg inhaled levodopa and 2:
100/25mg orodispersible levodopa/benserazide
tablet) were taken. Participants with an uneven
enrolment number started with treatment 1
(inhaled levodopa) on day 1 and continue with
treatment 2 (orodispersible tablet) on day 2.
Participants with an even enrolment number took
treatment 2 on day 1 and treatment 1 on day 2.

Dosing

The Cyclops inhaler with a prefilled dose com-
partment contained 30 mg of levodopa inhalation
powder. The 90-mg dose was inhaled by using
three 30-mg levodopa inhalers. All levodopa
doses administered in this study were at least
7.5h (five times the half-life time of levodopa)
after the last levodopa administration.

Levodopa inhalation
A lung technician trained participants with an
empty inhaler until they mastered the inhalation

manoeuvre. Flow curves through the inhaler were
measured with a differential pressure gauge (PD1
with MC2A measuring converter). LabViews soft-
ware (National Instruments BV, The Netherlands)
conversed the pressure drop across the inhaler into
a flow rate. The patient was able to see all flow
curves on the computer during the inhalation
manoeuvres. This enabled the patients to optimize
their inhalation manoeuvre. Additionally, flow
curves were measured during the inhalation of the
90mg levodopa, allowing for the assessment of
whether the inhalation was performed correctly.

The levodopa inhaler residue after inhalation was
measured by ultraviolet spectrophotometric anal-
yses. Inhaler residue was used for calculation of
the delivered dose (blister dose minus inhaler
residue).

Spirometry

Lung function was measured as safety check upon
admission and again upon discharge from the
clinic (end of study). Spirometry was measured
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Neurologist PvP selects patients according to inclusion and
exclusion criteria and invites them for participation

Investigator sends information leaflet and informed consent (IC)
form to selected and interested patients

Investigator plans study visit upon patient's written confirmation
of participation

]
DAY 1 DAY 2 DAY 3
]
' Qualified investigator/study site Qualified investigator/study site
: employee confirms patient is off employee confirms patient is off
1
1
1 Venous cannulation and pre- Venous cannulation and pre-
| dose blood sampling (t = 0) dose blood sampling (t = 0)
1
I Pre-dose motor function Pre-dose motor function
| assessment (t = 0) assessment (t = 0)
I
| E— l_ . Administration investigational Administration investigational
hssssssssnassasansssapassssnnsnssnnnnnnnsy
: : medication medication

Patient is admitted to PvP
clinic;
IC form signed in duplicate by
patient and investigator

; Pre-study (baseline) lung
: function measurement

—— e — e ———

Practice inhalation manoeuvre
with Cyclops DPI

Practice motor function
assessment tests

23:59 Pause regular oral
levodopa treatment

Blood sampling t =5, 10, 15,
20, 30, 45, 60, 75, 90, 180 min

Motor function assessment
t=10, 20*, 30, 40, 50, 60%, 75,
90 min (* incl. MDS-UPDRS I11)

Resume regular oral levodopa
dose regimen

23:59 Pause regular oral
levodopa treatment

S S U ————————————

Blood sampling t =5, 10, 15,
20, 30, 45, 60, 75, 90, 180 min

Motor function assessment
t=10, 20*, 30, 40, 50, 60*%, 75,
90 min (*incl. MDS-UPDRS 1)

Resume regular oral levodopa :
dose regimen

t=240 min
Post-study lung function
measurement

End of study

: Randomised investigational medication:
<3 - 90 mg inhaled levodopa
- 100/25 mg Madopar orodispersible tablet

- severe PD symptoms: Madopar
- severe nausea/dizziness: domperidon
- dyspnoea: salbutamol or ipratropium

Escape medication: i

Figure 1. Flowchart of the study design.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

using a calibrated pneumotachograph. Forced
expiratory volume in 1s (FEV1), maximum
expiratory flow after 50% of the expired forced
vital capacity (MEF50) and forced vital capacity
(FVC) were measured. If lung function values
(FEV1, MEF50, FVC) were >10% lower com-
pared to baseline, the reduction was considered
clinically relevant. The measurements were per-
formed by a lung function technician.

Motor function examination

Timed tapping test. In the timed tapping test the
participant was instructed to tap the screen of a
tablet device with tap recording software succes-
sively with the index finger of the most affected
hand as rapidly as possible for the duration of
30s. The software recorded the number of taps.

Timed Up and Go test. The Timed Up and Go
(TUG) test measured the time (in seconds) it
took an individual to stand up from a chair, walk
a distance of 3m, turn around, walk back to the
chair and sit down again. During this exercise no
physical assistance was given.

Timed tapping test and TUG test were taken
before administration of the levodopa (7=0) and
at 7=10, 20, 30, 40, 50, 60, 75 and 90 min after
administration of the levodopa.

Movement Disorders Society Unified Parkinson’s
Disease Rating Scale Ill motor examination. The
Movement Disorders Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) is a tool to
assess severity of PD symptoms.!8 The UPDRS is
the primary outcome measure in most clinical tri-
als of PD therapeutics.!® The UPDRS III motor
examination section is a 14-item rating of motor
signs. It rates tremor, facial and generalized bra-
dykinesia, and performance on several straight-
forward tasks.2?

In this study, an accredited MDS-UPDRS scorer
rated PD symptoms as defined by the MDS-
UPDRS III motor section for each patient, imme-
diately before the administration of the levodopa.
Subsequently, the MDS-UPDRS III score was
taken at the time points 20 and 60min after
administration of the levodopa.

The MDS-UPDRS motor examinations were
recorded on video. A second accredited MDS-
UPDRS scorer, who was blind to treatment and

the time point at which the score was taken, inde-
pendently scored the participant videos using the
MDS-UPDRS. Rigidity scores were provided for
each participant by the first scorer, given that this
could not be ascertained from watching the vid-
eos. After all videos were scored, marks were
compared between raters. If a score deviated by
one point (per item), the score of the second
scorer was used. In case of larger deviations, the
scorers met to come to a consensus.

Blood sampling and analytical methods

A blood sample was drawn immediately before the
patient received the study medication. Subsequent
blood samples were drawn at time points 5, 10,
15, 20, 30, 45, 60, 90 and 180 min after adminis-
tration. The blood samples were drawn by a
research nurse. Venous blood samples were drawn
from an IV line. The samples were collected in an
ethylenediaminetetra-acetic acid tube. Within 1h
after sampling, the blood was centrifuged to sepa-
rate plasma and blood cells. Per 1 ml of plasma,
10mg reduced glutathione was added and mixed
with the plasma. Thereafter, the sample was fro-
zen at —80°C until further analysis. Levodopa was
measured by liquid chromatography—tandem
mass spectrometry. The blood sample analyses
were performed at the University Medical Center
Groningen, The Netherlands in the laboratory of
Clinical Chemistry.

PK evaluation

Noncompartimental analysis was performed with
R using the PKNCA package (noncompartmen-
tal analysis calculations for PK data), using sam-
pling times and corresponding serum
concentration data. The PK parameters that were
calculated were the area under the concentration
time curve (AUC) from 7=0 to 7=3h (AUC
0-3), the maximum levodopa plasma concentra-
tion (C,,) and the time to maximum plasma
concentration (7,,,.). Levodopa concentration
from the pre-dose sample was used as the baseline
and subtracted from subsequent samples (to a
minimum of zero). For AUCs beyond the last
available data point, the concentration data were
extrapolated from the last data point and were
assumed to be decaying exponentially with the
terminal half-life 7,,. Extrapolated AUC values
were rejected if the terminal half-life could not be
calculated or if the extrapolated part was more
than 25% of the interpolated part.
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Statistical methods

Statistical analyses were performed with SPSS
Statistics version 25.0 (IBM, Chicago, USA).
The Shapiro—Wilk test checked for variables
normality distribution. A two-tailed paired ¢ test
analysed variables following a normal distribu-
tion, and the Wilcoxon matched-pairs signed-
rank test the variables with skewed distribution.
A p-value =<0.05 was considered statistically
significant.

Study objectives

The primary objective of this study was to deter-
mine the time until maximum effect on motor
function of PD patients during an off episode
after inhalation of levodopa. The secondary
objectives were to determine the PK profile (7.,
C,.x and AUC 0-3h) of a dose of 90-mg inhaled
levodopa in comparison to 100-mg levodopa oro-
dispersible tablet and to determine the maximum
clinical improvement and the time to maximum
clinical improvement of the motor function of PD
patients after inhalation of levodopa in compari-
son to oral levodopa.

Results

Patients

From May 2019 through January 2022, a total of
nine patients (six females) were enrolled. The
mean duration of PD was 9 * 5years. The patient
characteristics are shown in Table 2.

Pharmacodynamic data after inhalation of 90-

mg levodopa

From all patients the timed tapping test, TUG
test and the MDS-UPDRS III score were taken at
all-time points. Patient 4 never started the study.
Due to a dose increase in the 4weeks before
admission, the patient did no longer meet all the
inclusion criteria. The data of patient 8 were
excluded from further analysis because of poor
inhalation. The patient exhaled into the inhaler
instead of inhaling.

Figure 2 shows a mean change in the pre- to
post-dose finger tapping scores. The results show
a timed tapping response score of +12.6 after
20min and +13.6 after 60 min. The maximum
effect was measured after 30 min with a score of
+16.5.

Table 2. Patient characteristics.

Characteristics (n=9)
Age (years)

Mean (SD) 68 (10)
Sex, n (%)

Male 3(33)

Female 6 (67)
BMI (kg/m?)

Mean (SD) 26 (3)
Duration of disease (years)

Mean (SD) 9 (5]
Oral levodopa dose (mg/day)

Mean (SD) 689 (300)

Although not reaching statistical significance,
Figure 2 shows a clear trend that points towards a
positive effect (more taps) of the levodopa inhala-
tion on the finger tapping test. Not all patients
suffered from stiffness or tremor in their hands/
arms during an off episode. These patients had a
normal score at baseline, so no improvement was
expected and seen.

Figure 3 shows the mean changes in the TUG
test of —6.3 to —7.1s after 20-60min, respec-
tively, with a maximum effect of TUG score of
—7.1s after 50min. The large standard error of
the mean is caused by an exceptionally strong
effect observed for one patient.

Figure 4 shows a significant pre- to post-dose
improvement in mean UPDRS III score of —11.5
points after 20min and —15.5 points after 60 min.
The maximum effect was measured after 60 min
with the notion that no assessments were per-
formed at later time points.

Comparison of pharmacodynamic data with

oral administration of 100mg levodopa

Figure 5 shows the clinical improvement on the
motor function after oral intake of levodopa. The
maximum clinical improvement was seen after
40min (tapping test), after 75min (TUG test)
and after 60 min (UPDRS III).
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Figure 2. Timed tapping test: change from before to after dosing for timed tapping response score upon
inhalation of levodopa. The figure shows arithmetic means (solid lined) and standard error of the mean

(shaded regions), N=8.
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Figure 3. TUG test; pre- to post-dose change for TUG score upon inhalation of levodopa. Figure shows
arithmetic means (solid lined) and standard error of the mean (shaded regions), N=8.

TUG, Timed Up and Go.

The maximum clinical improvements of all
patients after oral administration and inhalation
were compared (see Table 3). No difference was
found between the two forms of administration
(tapping test p=0.484, TUG test p=0.484 and
UDPRS »=0.309).

Table 4 shows the time to maximum clinical

improvement between inhaled and oral
levodopa.
Although not significant, inhaled levodopa

resulted in a shorter median duration to maxi-
mum clinical effect for the TUG and timed

tapping test compared with oral administration.
No comparison was made for MDS-UPDRS III
score because there were only two assessments
(time points 20 and 60min) after administration
of the levodopa.

PK data

A total of 156 blood samples were collected and
levodopa plasma concentrations were determined.
Twenty-four samples were missed due to prob-
lems with the IV line. Sixteen of these missing
samples were from participant 9, no blood sam-
ples were taken on the inhalation day. The data of
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Figure 4. MDS-UPDRS Il motor examination; change from before to after dosing for MDS-UPDRS Il score
upon inhalation of levodopa. Figure shows arithmetic means (solid lined) and standard error of the mean

(shaded regions), N=8 (pt 8 excluded).
*xxp < (.05,

MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale.

patient 8 on the inhalation day were excluded
from further analysis because of poor inhalation.

The levodopa plasma concentrations after 90-mg
inhaled levodopa and after an oral administration
of 100-mg levodopa are shown in Figure 6.
Comparison of the PK parameters C,,., T,,.. and
AUC 0-3 between the inhaled and oral levodopa
are shown in Table 5. After oral administration,
the C,,, and AUC 0-3h (dose-adjusted) were
found to be higher than after pulmonary adminis-
tration. This difference was significant (p=0.028
and p=0.028, respectively). T,.. was achieved
significantly (p=0.028) faster after inhalation.

Spirometry

There were no significant differences in lung-
function parameters (FEV1, FVC and MEF50)
found after inhalation of the levodopa (end of
study) compared to pre-dose. No adverse events
were observed, specifically no cough and dysp-
noea events occurred.

Discussion

The pulmonary administration of levodopa could
be an appealing alternative to oral administration
in the treatment of off episodes. It is crucial that
patients possess the ability to utilize a dry powder
inhaler during an off episode. Luinstra et al.?!
investigated this aspect, and the results suggest

that PD patients are capable of using the inhaler
during an off episode. Additionally, patients with
PD who also have concurrent lung conditions or
respiratory disturbances often have prior experi-
ence with inhalers, which may facilitate their abil-
ity to self-administer inhaled medications. A
levodopa inhalation powder has been developed
suitable for pulmonary administration with the
Cyclops® device.!® This inhalation powder dem-
onstrates rapid absorption and is well-tolerated
by patients.!3 In this study, we assessed the thera-
peutic effects of an inhaled levodopa dry powder
formulation on the recovery from off episodes in
PD patients.

The UPDRS III motor score shows a significant
improvement from pre-dose to post-dose after pul-
monary administration, with a mean of —11.5
points after 20min and —15.5 points after 60 min.
In general an improvement of 5 points is consid-
ered as clinically meaningful,!? a threshold that is
already achieved after 20 min in this study (the first
assessment time). The fast 7., (7min) that has
been observed after levodopa inhalation indicates
that a clinically meaningful effect may already
occur earlier than 20min. Inbrija® shows a treat-
ment effect (UPDRS III) at 10 min.!2 Based on the
(PK) results of our study, a similar time is expected
for levodopa administered with the Cyclops®
inhaler. Although not significant, inhaled levodopa
results in a shorter median duration to maximum
clinical effect for the TUG and timed tapping test
compared with oral administration (TUG:
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MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; TUG, Timed Up and Go.

inhalation 55.0 and oral 67.5min, timed tapping
test: inhalation 35.0 and oral 57.5min). This could
be indicative of a faster onset of effect following
inhalation, which would be in line with the shorter
T, but it appears that a larger study population
would be required to prove statistical significance,
given the variation in the data.

The PK evaluation shows that inhaled levodopa is
absorbed faster than the oral dose. In all patients,
the T, of levodopa was reached earlier after inha-

max

lation (mean 7,,,, was 7min as opposed to 28 min

for oral doses). The slow rise of levodopa plasma
concentrations after oral administration may be
the result of delayed gastric emptying caused by
not being in a true fasting state or by the irregular
gastrointestinal absorption of levodopa in off epi-
sodes.!? The AUC was half as high after pulmo-
nary administration compared after oral
administration. It is remarkable that the motor
function examinations show a similar clinical
improvement after pulmonary and oral adminis-
tration. This suggests that a rapidly rising blood
level possibly enhances the therapeutic effect.
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Table 3. Comparison of maximum clinical improvement between inhaled and oral levodopa.

Outcome measures Inhalation Oral p-Value Difference score

Mdn IGR Mdn IGR Mdn 95% CI
Tapping test (score) 16.00 40.75 27.00 18.50  0.484 7.25 -10.50 to 24.00
TUG test (s) -1.86 3.56 -1.53 3.67 0.484 0.34 -1.27 t0 5.06
UPDRS Il (score) -16.5 9.25 -11.00 6.00 0.309 3.25 -3.00to 7.50

Cl, confidence interval; IQR, interquartile range; Mdn, median; TUG, Timed Up and Go.

Table 4. Time to maximum clinical improvement between inhaled and oral levodopa.

Outcome measures Inhalation Oral p-Value Difference score

Mdn IGR Mdn IQR Mdn 95% ClI
Timed tapping test (min) 35.0 25.0 57.5 35.0 0.157 17.50 -10.0to 40.0
TUG test (min) 55.0 28.8 67.5 46.3 0.527 2.5 -20.0to 30.0

Cl, confidence interval; IQR, interquartile range; Mdn, median;

TUG, Timed Up and Go.

The overall results of this study show a fast and
clinically meaningful positive effect of levodopa
inhalation powder inhaled with the Cyclops® on
off episodes improvement in PD patients. Since
regular oral levodopa treatment was withheld the
night and morning prior to levodopa administra-
tion, the results in this study were obtained under
worst-case conditions (absence of systemic levo-
dopa and decarboxylase inhibitors such as carbi-
dopa and benserazide). Therefore, the effect of
levodopa inhalation powder on off episodes in the
presence of systemic levodopa and levodopa
metabolism inhibitors is expected to be larger
when administered as add-on therapy. The time
to reach the minimum effective levodopa concen-
tration under such conditions is expected to be
shorter due to decreased peripheral conversion of
levodopa to dopamine.?? It may be useful to per-
form a follow-up trial to investigate the clinical
effects of the levodopa inhalation powder if used
as add-on to a regular oral levodopa regime. The
oral levodopa is in general always combined with
a decarboxylase inhibitor.

This study supports earlier findings that our levo-
dopa inhalation powder is safe.!3

None of the patients had a drop in FEV1, MEF50,
or FVC, and they did not experience cough or

dyspnoea during or after the inhalation manoeu-
vre. In the study reported by LeWitt et al.,23 using
CVT-301, cough was the most common adverse
event and the common reason for adverse events
related treatment discontinuation. Therefore, the
absence of cough is an important advantage of the
formulation used in this study.

A satisfactory inhaler technique (preparation and
inhalation) is the key to the successful delivery of
drug substance by an inhaler. A poor inhaler tech-
nique was seen in one patient. This resulted in
low levodopa levels, consequently leading to a
persistent off episode. In previous studies, PD
patients have proven to be able to prepare and
operate the Cyclops® inhaler while being off.2+
In a follow-up trail, we will therefore study
whether this patient group can successfully oper-
ate the inhaler while being unsupervised (in their
home situation).

Conclusion

This study shows that inhaled levodopa has a clini-
cally meaningful effect on improvement of off epi-
sodes in PD patients within 20min. The PK
evaluation shows that inhaled levodopa is absorbed
faster, reaching peak concentration 7min after
dosing, as opposed to 28 min for oral doses. The
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Figure 6. Levodopa plasma concentration. (a) Inhaled dosing. (b] Oral dosing.
Table 5. Comparison of pharmacokinetic parameters between the inhaled and oral levodopa.
Outcome measures Inhalation Oral p-Value Difference score
Mdn 1GR Mdn IGR Mdn 95% CI
Crnax (Ng/ml 11.13 417 20.72 12.13 0.028 8.46 4.17-12.76
AUC (ng-h/ml) 7.60 2.85 19.92 9.29 0.028 12.02 7.32-16.35
Tmax (D) 0.1 0.1 0.46 0.44 0.028 0.32 0.10-0.66

Cl, confidence interval; IQR, interquartile range; Mdn, median.

motor function examinations show a similar maxi-
mum clinical improvement after pulmonary and
oral administration despite the lower levodopa
plasma concentrations after pulmonary adminis-
tration. This suggests that a rapidly rising blood
level possibly enhances the therapeutic effect.
Although not significant, inhaled levodopa results

in a shorter median duration to maximum clinical
effect for the TUG and timed finger-tapping test
compared with oral administration. The levodopa
powder inhalation powder is well tolerated; there
were no adverse events observed and no significant
differences found in long-function parameters.
The overall results of this study suggest that the
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tested levodopa inhalation powder may be particu-
larly beneficial as an alternative rescue therapy for
PD patients with motor fluctuations.

Acknowledgements

The authors thank the staff of PureIMS for the
production of the levodopa Cyclops® product and
help in designing the figures. The staff of the
Point for Parkinson centre is acknowledged for
the help during the admissions, Mr S. Martijn for
performing the spirometry measurements and Ms
M. de Hoop, Ms J. de Vries and Mr W. Wiersema
for drawing the blood samples and Ms J.M. ten
Kate, Ms N. Strating, Ms E. Oosterhout, Ms
S.M. van Zonneveld, Mr T. Brockotter for assess-
ing the MSD-UPDRS score and Mr R. Nijboer
for giving inhalation instructions.

Declarations

Ethics approval and consent to participate

All patients were treated in accordance with the
1964 Helsinki declaration and its later amend-
ments. The study protocol was approved by the
local ethics board ‘Regionale toetsingscommissie
patiéntgebonden  onderzoek’ (RTPO) in
Leeuwarden, The Netherlands (approval number
RTPO1019, full trial protocol available). The
study was registered in the Dutch trial register
(LTR) with identification number NL6876.
From 5 March 2024 on, the research data on
onderzoekmetmensen.nl are known as ‘Overview
of Medical Research in the Netherlands’
(OMON). This means the use of the name LTR
has thus been dropped. Now, it is registered in
the OMON with the same identification number
(NL6876, Effectiveness of inhaled levodopa in
PD | Research with human participants (onder-
zoekmetmensen.nl)). All patients provided writ-
ten informed consent.

Consent for publication

By signing the informed consent form, partici-
pants grant permission for their data to be used in
the study. The results will be processed in a man-
ner that ensures anonymity.

Author contributions
Lara de Jong: Conceptualization; Data curation;

Formal analysis; Investigation; Methodology;
Project administration; Resources; Software;
Supervision; Visualization; Writing — original
draft.

Marianne Luinstra: Funding acquisition;
Investigation; Methodology; Supervision; Writing
— review & editing.

Angela Francesca Aalbers: Investigation;
Project administration; Writing — review & editing.

Alide Johanna Wijma-Vos: Investigation;
Project administration; Writing — review &
editing.

Emile D’Angremont: Investigation; Project
administration; Writing — review & editing.

Anne Aline Elisabeth van der Meulen: Data

curation; Investigation; Writing — review &
editing.
Antonie Wijnand Frederik Rutgers: Data
curation; Investigation; Writing — review &
editing.

Luc Steenhuis: Investigation; Writing — review
& editing.

Paul Hagedoorn: Investigation; Methodology;
Project administration; Resources; Software;
Writing — review & editing.

Teus van Laar: Data curation; Methodology;
Writing — review & editing.

Hendrik Willem Frijlink: Investigation;
Methodology; Supervision; Writing — review &
editing.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship
and/or publication of this article: This study was
funded by a grant from the Dutch national
Parkinson’s disease patient association (Parkinson
Vereniging).

Competing interests
The authors declare that there is no conflict of
interest.

Availability of data and materials

All data submitted comply with Institutional or
Ethical Review Board requirements and applica-
ble government regulations.

ORCID iDs
Lara de Jong
2978-8000

https://orcid.org/0009-0005-

Emile D’Angremont https://orcid.org/0000-

0002-5468-8811

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0009-0005-2978-8000
https://orcid.org/0009-0005-2978-8000
https://orcid.org/0000-0002-5468-8811
https://orcid.org/0000-0002-5468-8811

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

Visit Sage journals online
journals.sagepub.com/
home/tan

SSagejournals

References

1.

10.

11.

12.

Bergman H and Deuschl G. Pathophysiology of
Parkinson’s disease: from clinical neurology to
basic neuroscience and back. Mov Disord 2002;
17(Suppl. 3): S28-S40.

Postuma RB, Berg D, Stern M, et al. MDS
clinical diagnostic criteria for Parkinson’s disease.
Mov Disord 2015; 30(12): 1591-1601.

Fox SH, Katzenschlager R, Lim SY, et al.
Movement disorder society evidence-based
medicine committee. International Parkinson
and movement disorder society evidence-based
medicine review: update on treatments for the
motor symptoms of Parkinson’s disease. Mov
Disord 2018; 33(8): 1248-1266.

Cenci MA, Ohlin KE and Odin P. Current
options and future possibilities for the treatment
of dyskinesia and motor fluctuations in
Parkinson’s disease. CNS Neurol Disord Drug
Targets 2011; 10: 670-684.

Fernandez H, Vanagunas A, Odin P, et al.
Levodopa—carbidopa intestinal gel in advanced
Parkinson’s disease open-label study: interim
results. Parkinsonism Relat Disord 20135 19:
339-345.

Doi H, Sakakibara R, Sato M, et al. Plasma
levodopa peak delay and impaired gastric
emptying in Parkinson’s disease. ¥ Neurol Sci
2012; 319: 86-88.

Jankovic J and Stacy M. Medical management
of levodopa-associated motor complications in
patients with Parkinson’s disease. CNS Drugs
2007; 21: 677-692.

. Chen JJ] and Obering C. A review of intermittent

subcutaneous apomorphine injections for the
rescue management of motor fluctuations
associated with advanced Parkinson’s disease.
Chin Ther 2005; 27: 1710-1724.

Patton JS, Fishburn CS and Weers JG. The lungs
as a portal of entry for systemic drug delivery.
Proc Am Thorac Soc 2004; 1(4): 338-344.

Patton J.S. Mechanisms of macromolecule
absorption by the lungs. Adv Drug Deliv Rev
1996; 19: 3-36.

Lipp MM, Batycky R, Moore ], et al. Preclinical
and clinical assessment of inhaled levodopa for
OFF episodes in Parkinson’s disease. Sci Transl
Med 2016; 8(360): 1-11.

LeWitt PA, Hauser RA, Grosset DG, et al. A
randomized trial of inhaled levodopa (CVT-301)
for motor fluctuations in Parkinson’s disease.
Mow Disord 20165 31(9): 1356-1365.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Luinstra M, Rutgers AWF, Van Laar T, et al.
Pharmacokinetics and tolerability of inhaled
levodopa from a new dry-powder inhaler in
patients with Parkinson’s disease. Ther Adv
Chronic Dis 2019; 10: 1-10.

Stocchi F, Vacca L, Stirpe P, et al.
Pharmacokinetic drug evaluation of CVT-301 for
the treatment of Parkinson’s disease. Expert Opin
Drug Metab Toxicol 20185 14(12): 1189-1195.

Patel A and Jimenez-Shahed J. Profile of inhaled
levodopa and its potential in the treatment

of Parkinson’s disease: evidence to date.
Neuropsychiatr Dis Trear 2018; 14: 2955-2964.

Luinstra M, Grasmeijer F, Hagedoorn P, et al. A
levodopa dry powder inhaler for the treatment of
Parkinson’s disease patients in off periods. Eur ¥
Pharm Biopharm 20153 97: 22-29.

Hoppentocht M, Akkerman OW, Hagedoorn

P, et al. The Cyclops for pulmonary delivery of
aminoglycosides; a new member of the Twincer™
family. Eur ¥ Pharm Biopharm 2015; 90: 8-15.

Pal G and Goetz CG. Assessing bradykinesia in
Parkinsonian disorders. Front Neurol 2013; 4:
1-5.

Tavares ALT, Jefferis GSXE, Koop M,

et al. Quantitative measurements of alternating
finger tapping in Parkinson’s disease correlate
with UPDRS motor disability and reveal

the improvement in fine motor control from
medication and deep brain stimulation. Mov
Disord 20055 20(10): 1286-1298.

Factor SA and Molho ES. Emergency
department presentations of patients with
Parkinson’s disease. Am ¥ Emerg Med 2000; 18:
209-215.

Luinstra M, Rutgers AW, Dijkstra H, et al. Can
patients with Parkinson’s disease use dry powder
inhalers during off periods? PLoS One 2015;
10(7): e0132714.

LeWitt PA. Levodopa therapy for
Parkinson’s disease: pharmacokinetics and
pharmacodynamics. Mov Disord 2015; 30: 64-72.

LeWitt PA, Hauser RA, Pahwa R, et al. Safety
and efficacy of CVT-301 (levodopa inhalation
powder) on motor function during of periods in
patients with Parkinson’s disease: a randomised,
double-blind, placebo-controlled phase 3 trial.
Lancet Neurol 2019; 18(2): 145-154.

Luinstra M, Isufi V, de Jong L, et al. Learning
from Parkinson’s patients: usability of the
Cyclops dry powder inhaler. Int ¥ Pharm 2019;
567: 118493.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

