Received: 9 September 2020

Revised: 28 January 2021

Accepted: 30 January 2021

DOI: 10.1111/cts.13008

ARTICLE

Population pharmacokinetic analysis of apomorphine sublingual
film or subcutaneous apomorphine in healthy subjects and
patients with Parkinson’s disease

Felix Agho' | Ryan L. Crass’ | Yu-Yuan Chiu! | Sunny Chapel’ | Gerald Galluppi® |
David Blum® | Bradford Navia®

'Sunovion Pharmaceuticals Inc, Fort Lee,
New Jersey, USA

2Ann Arbor Pharmacometrics Group, Inc,
Ann Arbor, Michigan, USA

3Sunovion Pharmaceuticals Inc,
Marlborough, Massachusetts, USA

Correspondence

Felix Agbo, Clinical Pharmacology,
Modeling, and Simulation, Sunovion
Pharmaceuticals Inc., One Bridge Plaza
North, Suite 510, Fort Lee, NJ 07024,
USA.

Email: felix.agbo@sunovion.com

Funding information

This analysis and the associated clinical
studies were supported by funding
from Sunovion Pharmaceuticals Inc.
(Marlborough, MA, USA).

Abstract

Apomorphine is an on-demand treatment of “OFF” episodes in patients with
Parkinson’s disease (PD). A joint parent-metabolite population pharmacokinetic
(PK) model characterized apomorphine and apomorphine-sulfate following admin-
istration of apomorphine sublingual film (APL) and two formulations of subcutane-
ous apomorphine. Overall, 2485 samples from 87 healthy subjects and 71 patients
with PD and “OFF” episodes were analyzed using nonlinear mixed-effects mod-
eling. Apomorphine PK was adequately described by a two-compartment model
with first-order transit absorption via both routes of administration and first-order
metabolism to apomorphine-sulfate with one-compartment disposition and first-order
elimination. Bioavailability of apomorphine sublingual film was ~ 18% relative to
subcutaneous apomorphine. Among covariates tested, only body weight had a large
effect on apomorphine exposure (maximum plasma concentration and area under
the concentration—time curve [AUC,_.]), with greater weight resulting in lower ex-
posure. Model-predicted apomorphine exposure was similar between apomorphine
sublingual film 30 mg and subcutaneous apomorphine 5 mg (median AUC ,,,
66.7 ngeh/mL, geometric mean ratio of 0.99; 90% confidence interval [CI], 0.96—1.03)
and was comparable between apomorphine sublingual film 35 mg and subcutaneous
apomorphine 6 mg (median AUC,, ,4, 75.4 and 80.0 ngeh/mL, respectively; geomet-
ric mean ratio of 0.94; 90% CI, 0.90—0.97) administered every 2 h for a maximum
of 5 doses per day. In a typical patient with PD, predicted apomorphine exposure
increased with increasing doses of apomorphine sublingual film; however, the in-
crease was less than dose proportional. Similar apomorphine exposure was predicted
in patients with mild renal impairment versus normal renal function. PK properties of
apomorphine sublingual film support its administration for a wide range of patients
with PD and “OFF” episodes, regardless of demographic and clinical characteristics.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Pharmacokinetic (PK) properties of apomorphine sublingual film (APL-130277;
APL), an on-demand treatment for “OFF” episodes in patients with Parkinson’s dis-
ease (PD), have not been previously described comprehensively.

WHAT QUESTION DID THIS STUDY ADDRESS?

A population PK model of apomorphine and its inactive metabolite, apomorphine
sulfate, was developed to characterize PK properties of APL and two formulations of
subcutaneous apomorphine.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Compared with subcutaneous apomorphine, APL has a relative bioavailability of ~ 18%.
Increase in apomorphine exposure (peak plasma concentration and area under the
concentration—time curve [AUC,_.]) was less than dose proportional with no obvious
difference in elimination half-life across the dose range studied. Model-predicted apomor-
phine exposure at higher doses of APL (30-35 mg) was comparable to subcutaneous apo-
morphine (5—6 mg) across a range of patient characteristics tested as covariates, including

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurode-
generative disorder worldwide.' Advancing age is the greatest
risk factor for this chronic and progressive disease'; therefore,
cases of PD in the United States continue to rise and are ex-
pected to reach ~ 1.2 million by 2030.2 PD is characterized
by a loss of dopaminergic neurons in the brain, and the use
of carbidopa/levodopa, which crosses the blood—brain barrier
where it is converted to dopamine, is the mainstay of ther-
apy.l’3 # However, after 10 years of treatment with carbidopa/
levodopa, nearly all patients develop motor fluctuations®>® i
cluding “OFF” episodes, defined as periods in which treated
symptoms of PD re-emerge or worsen.® Fluctuations in blood
levodopa levels during carbidopa/levodopa treatment can re-
sult in reduced brain bioavailability, particularly in patients
with chronic PD, and likely contribute to “OFF” episodes.4

Apomorphine is a nonergoline dopamine ago-
nist with strong affinity for the D, and D, receptors.7’8
Subcutaneous apomorphine (APOKYN®; US WorldMeds,
LLC, Louisville, KY, available in the United States, and
APO-g0®; Britannia Pharmaceuticals, Reading, Berkshire,
UK, available in Europe) are available as on-demand treat-
ments of “OFF” episodesg’10 and have been shown to be
highly effective in this context.”*!12 However, use of
subcutaneous apomorphine has been limited for various
reasons, including complexity of assembly, injection-site
reactions, and systemic adverse events, such as nausea/
vomiting and dyskinesias.'*'*

n-

mild renal impairment; greater body weight resulted in lower exposure.
HOW MIGHT THIS
TRANSLATIONAL SCIENCE?

Sublingual apomorphine PK properties support administration of APL as an on-
demand treatment for a wide range of patients with PD and “OFF” episodes.

CHANGE CLINICAL PHARMACOLOGY OR

Orally administered apomorphine has limited clinical
utility due to extensive first-pass hepatic metabolism and
poor gut absorption.ls’16 The bioavailability of oral apo-
morphine is less than 4% in patients with PD”; therefore,
different routes of administration, including sublingual
administration, have been investigated as alternatives for
apomorphine delivery.18 The sublingual tissues have a rich
blood supply that can support rapid absorption and onset
of action."

To address the aforementioned limitations, apomorphine
sublingual film (KYNMOBI®; Sunovion Pharmaceuticals
Inc., Marlborough, MA, USA) was developed and is now
approved as an on-demand treatment of “OFF” episodes for
patients with PD."” Apomorphine sublingual film (APL)
consists of two layers: (1) a drug layer, designed for stability,
rapid diffusion, and maximal bioavailability, and (2) a buf-
fer layer, designed to neutralize acid generation and enhance
drug permeability.15 In a double-blind, placebo-controlled,
randomized phase III trial, patients who received apomor-
phine sublingual film at doses of 10-35 mg experienced
significantly greater improvement in motor function at 30
min postdose at week 12, as assessed by part III (Motor
Examination) of the Movement Disorder Society Unified
Parkinson’s Disease Rating Scale, compared with those who
received placebo (—11.1 vs. —3.5, respectively; least squares
mean difference, —7.6, p = 0.0002), and the drug was gener-
ally safe and well-tolerated.”

We developed a population pharmacokinetic (PopPK)
model to characterize the PK properties of apomorphine and



1466 |

AGBO ET AL.

ASCPT

its major inactive metabolite, apomorphine sulfate, after sin-
gle and multiple doses of apomorphine sublingual film and
subcutaneous apomorphine.

METHODS
Data source

Pooled PK data were obtained from nine clinical stud-
ies (5 phase I, 3 phase II, and 1 phase III) of apomorphine
sublingual film (Table S1). The studies that contributed to
the PK data used for this analysis were approved by insti-
tutional review boards at each study site, and written in-
formed consent was obtained from all individuals before
study initiation. Each study was conducted in accordance
with the International Council for Harmonization Guideline
for Good Clinical Practice and the Declaration of Helsinki.
Two commercially available preparations of subcutaneous
apomorphine were used in studies CTH-103, CTH-200, and
CTH-203: APOKYN’ (US WorldMeds, LLC; available in
the United States) and APO-go10 (Britannia Pharmaceuticals;
available in Europe).

Data analysis platform

PK analyses were performed using nonlinear mixed-effects
modeling methodology as implemented in NONMEM soft-
ware (version 7.3; ICON Development Solutions), and data
manipulations, postprocessing, and graphical analysis were
performed using R (version 3.1.2 or higher; R Foundation for
Statistical Computing). The first-order conditional estimation
with eta-epsilon interaction (FOCEI) method in NONMEM
was used during all stages of model development.

Model development

Model development followed these general sequential steps:
exploratory graphical data analyses; base model development
(structural and residual error); covariate model development;
model optimization and finalization; and model evaluation
and/or validation.

Base model development

Initially, a one-compartment model with first-order absorp-
tion and first-order elimination was used to characterize the
apomorphine concentration-time profile following apomor-
phine sublingual film and apomorphine subcutaneous in-
jection administration. If multiple distribution phases were

observed, the one-compartment model was replaced start-
ing with a two-compartment model. The initial model was
parameterized in terms of clearance (CL/F) and distribution
volume (V/F) parameters (e.g., ADVAN2 or ADVAN4 sub-
routine in PREDPP in NONMEM software).

Following identification of the compartmental model for
apomorphine, apomorphine-sulfate metabolite data were in-
corporated with a single disposition compartment with all
apomorphine elimination occurring via conversion to the
sulfate metabolite. Additionally, to account for the higher
observed apomorphine-sulfate concentrations following
sublingual administration, a direct absorption pathway for
apomorphine-sulfate was incorporated, representing oral ab-
sorption of the swallowed portion of the sublingual dose (F’).
Bioavailability via the sublingual route of administration ()
was parameterized as the product of the fraction of the sub-
lingual dose not swallowed, and thus available for absorption
via this route, and the estimated bioavailability relative to
the subcutaneous route. Bioavailability via the subcutaneous
route (F,) was assumed to be 100%.

Standard goodness-of-fit plots were used to assess poten-
tial lack-of-fit for the initial model. Based on the goodness-
of-fit diagnostics, additional model complexities, such as
additional distribution compartments, alternate absorption
pathways (e.g., transit absorption compartment), or nonlin-
earities in key model parameters were considered. Transit
absorption compartments were evaluated separately for each
route of administration (e.g., sublingual and subcutaneous)
in order to adequately describe the absorption profile. In
addition, pertinent covariates (e.g., dose) were evaluated at
the base model stage to stabilize the base model and to fa-
cilitate easier identification of the full model in subsequent
steps. Specifically, dose-dependencies in bioavailability were
evaluated if indicated based on exploratory assessment of ob-
served peak concentrations versus dose. Dose-dependencies
were described using power models as the reference approach
with saturable functions (e.g., maximal effect [E,,,.]) used in
the event power models inadequately described the observed
data. The FOCEI method in NONMEM was utilized in the
model development.

Random effect model development

Interindividual variability (II'V) of the PK parameters was in-
corporated using a log normal random effects model of the
form:

0; =0y -exp (ni) (1)
where 6; is the individual value of the parameter (e.g., CL/F)

for the i" patient, Ory is the typical value model parameter, and
patient specific random variable (#;) denotes the II'V accounting
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for the i” individual’s deviation from the typical value. The N
were assumed to have a normal distribution with a zero mean
and variance ”. The approximate percent coefficient of varia-
tion (%CV) was reported as:

%CV (IIV) = V? - 100 )

The multivariate vector of interindividual random effects
(across parameters within each individual) has variance-
covariance matrix 2", A diagonal 2 was estimated initially
with off-diagonal elements considered, as needed.

Residual variability, a composite measure of assay error,
dose/sample time collection errors, model misspecification,
and any other unexplained variability within a patient, was
initially modeled using the log-transformed error model:

In(Y;) =In(Cy) +¢; 3)
where Yj; denoted the observed concentration for the i" in-
dividual at time #, C; denoted the corresponding predicted
concentration based on the PK model, and & denoted the intra-
individual (residual) random effect, which is assumed to have a
normal distribution with a zero mean and variance .

A complete battery of diagnostic plots was generated to
evaluate the adequacy of the base model fit. Plots of popu-
lation weighted residuals (WRES) versus TIME, individual
weighted residuals (IWRES) versus TIME, and conditional
weighted residuals (CWRES) versus TIME were evaluated
for random scatter around the zero line. The residual (WRES,
IWRES, and CWRES) plots were also used to identify poten-
tial outliers. The model resulting from the previous steps is
considered the base PK model.

Covariate model development

Clinical judgment and mechanistic plausibility were used
to determine which covariates were tested and on which pa-
rameters. Table 1 provides a list of the covariates that were
considered for the PopPK model. Several intrinsic and ex-
trinsic patient factors were planned for evaluation in the co-
variate model development. Typical baseline demographic
characteristics, including body weight, sex, and patient status
(patients with PD vs. healthy subjects), were evaluated on
CL/F and V/F. Additional covariates included on CL/F were
creatinine clearance, biomarkers of hepatic function, and
concomitant medications. Because age and race were highly
correlated with patient status, they were not tested as covari-
ates as planned a priori. Although some degree of correla-
tion exists between other covariates (e.g., body weight and
patient status; and body weight and sex), this was judged to
be modest and these covariates were both tested on model
parameters.

ASCPT
TABLE 1 Covariates evaluated in the population pharmacokinetic
analysis

Parameter Covariates

Absorption rate  Position under tongue (drug strip facing up

parameters or down), contact time for sublingual
such as k, administration, concomitant antiemetic use,
formulation,” population (healthy subject vs.
patient with PD and “OFF” episodes), age,

and race
F Concomitant antiemetic use, formulation,b
population (healthy subject vs patient with
PD and “OFF” episodes), age, and race
CL/F Baseline body weight, sex, race, creatinine
clearance, aspartate aminotransferase, alanine

aminotransferase, albumin, and total bilirubin

V/F Baseline body weight, sex, and race

Abbreviations: CL/F, apparent drug clearance; F, bioavailability; k,, absorption
rate constant; PD, Parkinson’s disease; V/F, apparent volume of distribution.

“Two formulations of apomorphine sublingual film, an exploratory formulation
(K) and the commercial formulation (O), were used in the studies that
contributed to the population pharmacokinetic model.

"Two formulations of subcutaneous apomorphine, APOKYN and APO-go, were
used in certain studies that contributed to the population pharmacokinetic model.

The relationship between continuous covariates and the
typical value of PK parameters was described using power
models:

X \%
i
9Tv,ij = ORgr < XREF) S

where Oy and 0, are the fixed-effect parameters and xggp is a
reference value of the covariate x;;. In the context of this anal-
ysis, the reference values represent the approximate median of
the population. The relationship between categorical covariates
(x;) and the typical value of PK parameters was modeled as:

Ory; = Orer - (146, -X;) (3)

or as:
01y, = Oggr - €XP (6, -Xij) (6)

where Orgr and 0, are fixed-effect parameters and x;; is the in-
dicator variable, which is equal to one or zero dependent on
the category of the covariates. In Equation 5, the lower bound
values for 6, were constrained to be negative, such that PK
parameters will always be positive. In the parameterization of
Equation 6, 6, is the log of the fractional change in the typical
value for a specific categorical covariate. This parameterization
was selected to prevent negative PK parameter values in future
simulation activities.

All covariates were initially included simultaneously in
a full model. Due to overparameterization, the full model
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procedure was unsuccessful and a stepwise forward selec-
tion procedure was used to identify a stable working full
model. The covariate-parameter relationship, which had the
largest decrease in objective function value (OFV) and met
the inclusion criteria of change in OFV (8OFV) greater than
3.8 (p < 0.05) was included into the working full model.
The stepwise forward selection process was repeated until
all covariate-parameter relationships met the inclusion cri-
teria. Once a working full model was identified, a complete
battery of diagnostic plots was generated. Plots of the indi-
vidual random effect values versus covariate values were
generated in order to identify any covariate effects that have
not been properly accounted for. In addition, box-plots of
the n values versus dose and study were generated to evalu-
ate dose invariance and adequacy of pooling studies for this
analysis, respectively.

Final model development

The final PopPK model was developed using the backward
elimination procedure. The working full model was reduced
to the final parsimonious model by a stepwise backward
elimination procedure. The covariate-parameter relation-
ship that had the lowest change in OFV and did not meet the
inclusion criteria of SOFV less than 10.8 (p < 0.001) was
eliminated and the stepwise backward elimination procedure
was repeated until all covariate-parameters met the inclusion
criteria.

Assessment of model predictive performance
(validation)

The predictive performance of the final PopPK model was
evaluated using visual predictive checks. Model parameters
were fixed to their estimated values from the final model
run and used to simulate 1000 data sets of plasma concen-
trations replicating the design, population, dose regimens,
sample sizes, and observed covariate distributions from the
observed data set. The full joint covariate distribution in
the observed data set was maintained for these simulations
by using all of the observed data as the input for simula-
tions (e.g., all healthy subjects and patients with PD were
included). The observed 5th, 50th, and 95th percentiles
of apomorphine and/or apomorphine sulfate concentra-
tion were stratified by time and compared with the 5th and
95th percentiles (90% confidence interval [CI]) of the 1000
simulated summary measures at corresponding percentiles
(5th, 50th, and 90th) of the simulated data and plotted to
provide a visual assessment of the predictive performance
of the PopPK model.

Simulation

The final PopPK model was then used to simulate and
predict apomorphine and apomorphine sulfate exposures
under maximal dosing conditions for apomorphine sub-
lingual film (30 or 35 mg every 2 h for a maximum of
5 doses per day) and/or subcutaneous apomorphine (5
or 6 mg every 2 h for a maximum of 5 doses per day),
which were not observed in clinical trials. Covariate in-
formation from patients with PD in the data set was used
to create a simulation data set of 1000 patients with PD
by nonparametric bootstrapping of complete covariate vec-
tors to preserve correlation between covariates. Parameter
estimates from the final PopPK model were fixed to the
estimated values and used to generate individual PK pa-
rameter estimates for each of the 1000 virtual patients
with PD and to generate 1000 24-h concentration—time
profiles for apomorphine and apomorphine sulfate under
each dosing condition. Median (50th percentile) and 90%
prediction interval (PI; 5th and 95th percentiles) were cal-
culated for maximum plasma concentration (C,,,) and
area under the concentration—time curve from time O to
24 hours (AUC,_,,). Additionally, geometric mean ratios
(90% CI) of AUC,_,, were calculated for 30 mg sublingual
apomorphine relative to 5 mg subcutaneous apomorphine
and 35 mg sublingual apomorphine relative to 6 mg sub-
cutaneous apomorphine to facilitate comparison of overall
exposure following these dosing regimens.

RESULTS
Model population

The final PopPK model included data from 158 individuals (87
healthy subjects and 71 patients with PD and “OFF” episodes)
with 2485 measurable PK samples of apomorphine, including
101 individuals (39 healthy subjects and 62 patients with PD
and “OFF” episodes) with 1182 measurable PK samples of
apomorphine sulfate, a major inactive metabolite of apomor-
phine (Table S1). Compared with healthy subjects, patients
with PD and “OFF” episodes were older (mean age, 65.0 vs.
27.2 years, respectively), had greater body weight (mean, 80.0
vs. 65.8 kg, respectively), were predominantly White (94%)
as compared with healthy subjects who were predominantly
Asian (98%), and had slightly lower creatinine clearance lev-
els (mean, 94 vs. 114 mL/min, respectively; Table 2). Among
the doses evaluated, nearly half of the healthy subjects re-
ceived 15 mg of apomorphine sublingual film (48%), whereas
24%, 13%, 28%, and 14% of patients with PD and “OFF” epi-
sodes received 10 mg, 15 mg, 20 mg, and 25 mg of apomor-
phine sublingual film, respectively (Table 2).
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TABLE 2 Baseline characteristics of healthy subjects and patients
with PD in the population pharmacokinetic data set by study

Patients with
Healthy subjects PD and “OFF”
(N =87) episodes (N = 71)

27.2(21.0,50.0)  65.0 (45.6, 88.1)

Characteristic

Age, years, mean (range)

Sex, n (%)
Male 65 (74.7) 49 (69.0)
Female 22 (25.3) 22 (31.0)

Body weight, kg, mean 65.8 (50.3-87.8)  80.0 (50.7-146.1)

(range)
Race, n (%)
White 0 67 (94.4)
Black 0 34.2)
Asian 85 (97.7) 0
Other 2(2.3) 1(1.4)
Dose of apomorphine, mg, n (%)*
Subcutaneous apomorphine
2 32 (24.4) 0
3 12 (9.2) 3(3.0)
4 0 2 (2.0)
5 0 3(3.0)
Sublingual apomorphine
10 13.(9.9) 24 (24.0)
15 63 (48.1) 13 (13.0)
20 0 28 (28.0)
25 11 (8.4) 14 (14.0)
30 0 7 (7.0)
35 0 5(5.0)
50 0 1(1.0)
Formulation of apomorphine sublingual film, n (%)*
K 48 (48.5) 9 (12.7)
(6] 51 (51.5) 62 (87.3)
Albumin, g/dL mean 4.5(3.5,5.3) 4.4 (3.8,4.9)
(range)
Alanine aminotransferase, 23 (8, 50) 20 (3, 64)
IU/L, mean (range)
Aspartate 22 (12,42) 21 (10, 60)
aminotransferase,

IU/L, mean (range)
Bilirubin, mg/dL. mean
(range)

Creatinine clearance, mL/ 114 (86, 155)
min, mean (range)

0.73 (0.28,2.28)  0.56 (0.20, 1.40)

94 (52, 213)

Abbreviations: K, exploratory formulation; O, commercial formulation; PD,
Parkinson’s disease.

“Doses of subcutaneous apomorphine: 2-5 mg; doses of apomorphine
sublingual film: 10-35 mg, 50 mg. Percentages are based on a larger number
of total individuals than listed because some individuals received more than
one dosage strength and/or formulation of apomorphine sublingual film in
certain studies.

ASCPT

PopPK analysis
Base model

The base PopPK model simultaneously fitted apomorphine
and apomorphine sulfate concentration—time profiles using
a two-compartment model for apomorphine and a one-
compartment model for apomorphine sulfate, with first-order
transit absorption and first-order elimination for both ana-
lytes. The transit absorption models characterized the slight
delay in apomorphine absorption via both sublingual and
subcutaneous administration. A proportional residual error
model was used for both apomorphine and apomorphine
sulfate. The base model included four structural covariates:
(1) effect of apomorphine sublingual film dose on sublingual
apomorphine bioavailability (F,); (2) effect of apomorphine
sublingual film contact time under the tongue on sublingual
administration absorption rate constant (k,); (3) effect of
body weight on apomorphine volume of distribution (V,/F);
and (4) effect of study CTH-103 on V,/F. Study CTH-103 as
a covariate was added to the base model to account for the
very high peak concentrations, particularly following subcu-
taneous administration, observed in this study. Key model
parameters (e.g., CL/F, V,/F, effect of female sex on the vol-
ume of distribution for apomorphine sulfate [V5/F]) differed
by less than 15% with outlier observations excluded; there-
fore, these samples were not considered influential and were
retained in the analysis.

Covariate model

Of the nine covariates included in the working full model
following the stepwise forward addition procedure, five were
found to be statistically significant in backward elimination
and were retained in the final PopPK model, including the
four structural covariates incorporated at the base model de-
velopment stage. The effect of patient status (healthy subject
vs. patient with PD and “OFF” episodes), subcutaneous apo-
morphine dose, subcutaneous apomorphine formulation, and
sublingual apomorphine formulation (e.g., pre-commercial
formulation K vs. commercial formulation O) were not sta-
tistically significant covariates.

Final model

The concentration-time profiles of apomorphine and apo-
morphine sulfate following sublingual and subcutaneous ad-
ministration were adequately described in the final PopPK
model by simultaneous two- and one-compartment models,
respectively, with first-order transit absorption input and
first-order elimination (Figure 1). Parameter estimates for
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FIGURE 1 The final pharmacokinetic model was a two-compartment model for apomorphine (CMT = 2 for plasma and CMT = 6 for
peripheral) and a one-compartment model for apomorphine sulfate (CMT = 3). Sublingual administration of apomorphine (CMT = 1) included
two transit absorption compartments (CMT = 7 and CMT = 8), and subcutaneous administration of apomorphine (CMT = 4) included two
transit compartments (CMT = 9 and CMT = 10). The fraction of the apomorphine sublingual film dose that was swallowed was modeled as

a first-order absorption process (k53) of apomorphine sulfate reaching the systemic circulation from the gastrointestinal tract (CMT = 5). The
first-order absorption rate constants for apomorphine sublingual film transit absorption were k17, k78, and k82, where k17 = k78 = k82. The
first-order absorption rate constants for subcutaneous apomorphine were k49, k9T10, and k10T2, where k49 = k9T10 = k10T2. The parameter
k23 represented the first-order metabolism of apomorphine to apomorphine sulfate, and k30 was the first-order elimination of apomorphine sulfate.
Finally, k26 was the distribution rate constant for apomorphine moving from the central to tissue compartments, and k62 was the distribution
rate constant for apomorphine moving from the tissue to central compartments. Biorsc, bioavailability of apomorphine sublingual film relative to
subcutaneous apomorphine; Biosl, fraction of apomorphine sublingual film dose not swallowed; CMT, compartment; F', relative bioavailability

of apomorphine sublingual film; F,, relative bioavailability of subcutaneous apomorphine; Fs, fraction of apomorphine sublingual film dose

swallowed and absorbed as metabolite; V,/F, volume of distribution for apomorphine; V5/F, volume of distribution for apomorphine sulfate.

the final PopPK model are provided in Table 3. Mean (95%
CI) typical apomorphine apparent systemic clearance and
apparent central volume of distribution were 81 (41, 120)
L/h and 438 (366, 510) L, respectively. Bioavailability of
apomorphine sublingual film was estimated to be ~ 18%
(fraction not swallowed and available for sublingual ab-
sorption X fraction absorbed relative to subcutaneous in-
jection) relative to subcutaneous apomorphine for both
healthy subjects and patients with PD and “OFF” episodes.
Covariate effects of sublingual apomorphine dose on F,
contact time of sublingual administration on k,, and body
weight on V,/F represent the power to which the ratio of
the covariate value to the reference value (20 mg, 2 min,
and 69.3 kg, respectively) is raised. Covariate effects for
study CTH-103 on V,/F and female sex on V,/F represent
the proportional shift from the reference condition. The
magnitude of the II'V identified for the rate constant for
metabolism of apomorphine to apomorphine sulfate (k23),
V,/E, V3/F, k, for sublingual administration, and F| ranged
from 35.7 to 41.7 %CV. The residual unexplained variabil-
ities for apomorphine and apomorphine sulfate were 44%
and 58%, respectively.

Model evaluation

Inspection of goodness-of-fit and concordance plots
suggested that the final PopPK model adequately de-
scribed the plasma apomorphine and apomorphine sulfate
concentration—time profiles after sublingual and subcuta-
neous apomorphine administration (Figures S1-S3). In ad-
dition, the predicted apomorphine and apomorphine sulfate
concentration—time profiles adequately described the ob-
served apomorphine and apomorphine sulfate exposure for
all studies, formulations, and doses in a visual predictive
check, which confirmed the predictive performance of the
final PopPK model (Figure S2).

Influence of covariates on model-predicted
apomorphine exposure

The impact of covariates included in the final PopPK model
on apomorphine exposure was investigated for a typical
patient with PD (i.e., 65-year-old White man with a body
weight of 78 kg who received a 20-mg dose of apomorphine
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TABLE 3 Parameter estimates for the final population pharmacokinetic model

Parameter Estimate
CL/F 80.7
V,/E 438
V,/F 1.42
k, for sublingual administration 6.58
k, for subcutaneous administration 17.6
k30 1.28
k, for apomorphine sulfate absorption from the 0.205
gastrointestinal tract
Fraction not swallowed and available for sublingual 0.910
absorption
Fraction absorbed relative to subcutaneous administration 0.202
k26 0.613
k62 0.00480
Dose of sublingual apomorphine on F —0.206
Contact time under the tongue for sublingual film on k, for -0.194
sublingual administration
Body weight on V,/F 1.53
Study CTH—103 on V,/F —0.555
Female sex on V3/F -0.310
Residual variability
Apomorphine 443
Apomorphine sulfate 58.0
Interindividual variability
k23 359
V,o/E 41.7
Vi3/F 40.3
k, for sublingual administration 35.7
F 38.3

ASE % RSE 95% CI Units
202 25.0 (41.1-120) L/h
36.7 8.39 (366-510) L
0.49 342 (0.468-2.38) L
1.06 16.2 (4.49-8.67) h!
1.48 8.40 (14.7-20.5) h!
0.494 38.5 (0.32-2.25) h!
0.180 87.9 (=0.15 10 0.55) h!
0.0533 5.86 (0.805-1.01)
0.0258 12.8 (0.152-0.253)
0.0859 14.0 (0.445-0.781) h!
0.000762  15.9 (0.00330-0.00630) h!
0.339 165 (—0.870 to 0.459)
0.119 61.5 (0.428 to —0.0400)
0.379 24.8 (0.788-2.27)
0.0476 8.59 (-0.648 to —0.462)
0.0663 21.4 (=0.440 to —0.180)
1.45 3.26 (41.5-47.2) %
221 3.81 (53.6-62.3) %
(16.6-47.9) %CV
(27.5-52.1) %CV
(27.9-49.7) %CV
(24.7-41.1) %CV
(27.2-46.7) %CV

Abbreviations: % RSE, percent relative standard error; %CV, percent coefficient of variation; ASE, asymptotic standard error; CI, confidence interval; CL/F, apparent

apomorphine clearance; F'|, bioavailability of apomorphine sublingual film; k23, first-order rate constant for the metabolism of apomorphine to apomorphine sulfate

and equal to CL/V,; k26, distribution rate constant for apomorphine moving from central to tissue compartment; k30, elimination rate constant for apomorphine

sulfate; k62, distribution rate constant for apomorphine moving from tissue to central compartment; k,, first-order absorption rate constant; V,/F, apparent volume of

distribution for apomorphine; V5/F, apparent volume of distribution for apomorphine sulfate.

sublingual film with the film strip positioned drug side
down, a contact time under the tongue of 3 min, and who
did not receive concomitant antiemetic medication). Body
weight was the only covariate with a large magnitude of ef-
fect on apomorphine exposure (C,,,,) and AUC from time 0
to infinity (AUC,_,). Greater body weight resulted in lower
exposure to apomorphine. For example, C,,,, and AUC,__
were 2.62 ng/mL and 6.77 ngeh/mL, respectively, for an
individual who weighed 114 kg compared with 4.48 ng/mL
and 10.60 ngeh/mL, respectively, for an individual who
weighed 78 kg. Contact time under the tongue and sex were
associated with a negligible change in C,, and AUC_g
(Figure 2). Findings were similar for apomorphine sulfate

exposure, except that women also had higher C,, values
than men.

The relationship between apomorphine dosage and ex-
posure was also investigated. In healthy subjects, apomor-
phine exposure measured by C,,,, increased with increasing
doses of apomorphine sublingual film (Figure S4a). The
increase was nearly dose proportional over the sublingual
dose range of 10 to 25 mg evaluated in healthy subjects.
Over the wider dose range of 10 to 50 mg administered to
patients with PD and “OFF” episodes, the relationship be-
tween C,,, and the apomorphine sublingual film dose was
less than proportional and tended to plateau at higher doses
(Figure S4b). Power models were used to explore dose

max
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proportionality of C,,,, in the observed data, with the slope
estimate of the regression of the logarithm of C_,, and
the logarithm of dose representing the power of the dose—
exposure relationship.21 The power estimate was not sig-
nificantly different from unity (1.01; 95% CI, 0.37—1.65)
over the subcutaneous apomorphine dose range of 2—5 mg;
however, it was less than dose proportional over the sub-
lingual apomorphine dose range of 10—50 mg (0.44; 95%
CI, 0.13-0.75). Correspondingly, dose was included as a
covariate of sublingual apomorphine bioavailability in the
model using a power function. Relative to a 20-mg dose
of apomorphine sublingual film, dose-normalized apo-
morphine C,,, was 18% higher with a 10-mg dose and 9%
lower with a 30-mg dose.

The final PopPK model was also used to simulate and
predict exposures of apomorphine and apomorphine sul-
fate after administration of 30-mg and 35-mg doses of
apomorphine sublingual film and was compared with
model-predicted exposures at 5-mg and 6-mg doses
of subcutaneous apomorphine, administered every 2 h
for a maximum of 5 doses per day (Figure 3). Median
(90% PI) predicted C,,,, for apomorphine was ~ 9 ng/mL
(3.24-21.5 ng/mL) with 30-mg apomorphine sublingual
film and ~ 10 ng/mL (3.66-24.3 ng/mL) with the 35-mg
dose. Median (90% PI) predicted C,,,, for apomorphine
was ~ 10 ng/mL (4.89-20.9) with 5-mg subcutaneous
apomorphine and ~ 12 ng/mL (5.86-25.0 ng/mL) with the
6-mg dose. Subcutaneous administration of apomorphine
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- 10 H -
15 P—te—
Dose, mg 20 h ® :
25 L
30 —e——
L 35 — T
-1 N
2 : . i
3 Y Y !
Contact time a R !
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8 - S i
L 10 | —e— i
H e
Body weight, 5th ' & :
percentile 50th ! !
95th —&— ‘
Male ; L] :
Sex ' |
Female ! * t
] T T 1
0.0 0.5 1.0 1.5 2.0
Point Estimate, 90% CI
FIGURE 2 Influence of dose covariates on apomorphine (a) C,,,«

is predicted to result in apomorphine sulfate C,,, con-
centrations that are ~ 35% of sublingual administration
at both of these comparative doses. Median predicted
AUC,_,, was 66.7 ngeh/mL for both apomorphine sublin-
gual film (30 mg) and subcutaneous apomorphine (5 mg)
administered every 2 h for a maximum of 5 doses per day,
corresponding to a geometric mean ratio of 0.99 (90%
CI, 0.96—1.03). At the highest doses, median predicted
AUC_,, was 75.4 ngeh/mL for apomorphine sublingual
film (35 mg) and 80.0 ngeh/mL for subcutaneous apo-
morphine (6 mg), corresponding to a geometric mean
ratio of 0.94 (90% CI, 0.90—0.97).

Creatinine clearance was not found to be a statistically
significant covariate of apomorphine PK in covariate anal-
ysis. In order to further describe any potential impact of
renal impairment on exposure, we described the individ-
ual predicted apomorphine exposure in patients with PD
and “OFF” episodes stratified by renal impairment cate-
gory. Among the study population, 26 patients with PD
were classified as having mild renal impairment (cre-
atinine clearance >50 and <80 mL/min) and 45 patients
had normal renal function (creatinine clearance >80 mL/
min). After administration of apomorphine sublingual film
(10 mg), individual predictions indicated that patients with
PD and mild renal impairment had similar predicted apo-
morphine exposure compared with those with normal renal
function (Table 4). Findings were similar for apomorphine
sulfate exposure.
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and (b) AUC,,_, after administration of apomorphine sublingual film

based on a typical patient with PD (i.e., 65-year-old White man with a body weight of 78 kg who received a 20-mg dose of apomorphine

sublingual film with the film strip positioned drug side down, a contact time under the tongue of 3 min, and who did not receive concomitant

antiemetic medication). AUC,,_.,, area under the concentration—time curve from time 0 to infinity; CI, confidence interval; C

concentration; PD, Parkinson's disease.

max> Maximum plasma
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FIGURE 3 Predicted apomorphine exposure after administration of (a) apomorphine sublingual film 30 mg, (b) apomorphine sublingual film

35 mg, (c) subcutaneous apomorphine 5 mg, or (d) subcutaneous apomorphine 6 mg administered every 2 h for a total of 5 doses per day. Solid

lines are median; dotted lines are 90% prediction interval.

DISCUSSION

This is the first comprehensive report of the PK proper-
ties of this new apomorphine drug product, apomorphine
sublingual film, from a large number of PK samples; previ-
ous reports referred to earlier sublingual formulations.'® In
this analysis, a PopPK model was successfully developed
that describes the PK of apomorphine and apomorphine
sulfate after sublingual and subcutaneous administration
to 158 individuals across 9 clinical studies. Apomorphine
PK was adequately described by a two-compartment
model, and apomorphine sulfate PK was described by a
one-compartment model. Absorption of apomorphine after

sublingual and subcutaneous administration was modeled
using transit absorption models to characterize the slight
delay in apomorphine absorption.

The bioavailability of apomorphine sublingual film
was ~ 18% relative to subcutaneously administered apo-
morphine. These results are consistent with previous find-
ings from a standalone comparative bioavailability study
in 8 patients with PD.* Although apomorphine is believed
to show linear kinetics with dose-independent clearance,
systemic exposure following sublingual administration
tends to increase in a less than dose proportional manner.
Compared with a 10-mg dose of apomorphine sublin-
gual film, the relative bioavailability of a 30-mg dose of
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TABLE 4 Apomorphine exposure parameters for patients with PD
in the population pharmacokinetic data set classified as having normal®
or mildly impaired” renal function

Patients with PD  Patients with PD
and normal renal  and mild renal
function® impairment”
C s NZ/mL
Mean 2.74 2.97
Median 2.45 2.07
Minimum, maximum 1.00, 6.08 0.69, 8.79
AUC, . ng-h/mL*¢
Mean 6.08 6.56
Median 5.34 5.31
Minimum, maximum  2.66, 14.2 2.18,20.4

Abbreviations: AUC,,_,, area under the concentration-time curve from time 0 to
infinity; C,,, maximum plasma concentration; PD, Parkinson’s disease.
“Creatinine clearance >80 mL/min.

°Creatinine clearance >50 and <80 mL/min.

“Individual predicted value after a single 10-mg dose of apomorphine sublingual film.
dBetween—group differences in mean C,, (p = 0.60) and AUC (p = 0.59) were
not statistically significant based on a two-sample #-test performed with a two-
sided alpha of 0.05.

apomorphine sublingual film is ~ 80%. The lack of dose
proportionality observed in apomorphine exposure ap-
peared to be more pronounced in patients with PD (and
may be attributed to extrinsic factors, such as sublingual
film contact time under the tongue, dry mouth, etc.) com-
pared with healthy subjects; it is to be noted that the dose
range of apomorphine sublingual film studied in healthy
subjects was limited due to tolerability (10-25 mg) com-
pared with that in patients with PD (10-50 mg). In clinical
practice, individual dose titration of apomorphine sublin-
gual film is expected to accommodate and allow for dose
optimization and proper dose selection.

IV for k23, V,/F, V,4/F, k, for sublingual administration,
and F| ranged from 35.7 to 41.7 %CV. A proportional error
model was used to describe the residual unexplained vari-
abilities in the PK of apomorphine and its inactive metabolite
(apomorphine sulfate), and the magnitude ranged from 44%
to 58%.

Five covariates were found to be statistically significant
and were included in the final PopPK model, and their impact
on apomorphine exposure was investigated in a typical pa-
tient with PD. There was no significant difference in the PK
of apomorphine between healthy subjects and patients with
PD and “OFF” episodes based on the covariate model analy-
sis. Body weight was the only covariate with a large magni-
tude of effect on apomorphine exposure (C,,,, and AUC,,_,),
with greater weight resulting in lower exposure. The covari-
ates of contact time under the tongue and sex resulted in a
negligible change in exposure that is not expected to be clin-
ically meaningful.

Simulations using the final PopPK model predicted
similar median apomorphine exposure (AUC) with apo-
morphine sublingual film 30 mg administered every 2 h
for a maximum of 5 doses per day compared with apomor-
phine 5 mg given subcutaneously on the same schedule.
Median predicted apomorphine exposure was comparable
with the highest doses of apomorphine sublingual film
(35 mg) and subcutaneous apomorphine (6 mg) admin-
istered on this schedule (AUC, ,, of 75.4 and 80.0 ngeh/
mL, respectively). Simulations also indicated that patients
with mild renal impairment had similar apomorphine ex-
posure to patients with normal renal function. Patients with
moderate renal impairment were not specifically evaluated
in the current analysis. Of note, in other PK studies, ad-
ministration of apomorphine sublingual film did not result
in differences in apomorphine exposure between patients
with mild renal impairment and patients with normal renal
function.”” In contrast, administration of subcutaneous
apomorphine resulted in increased AUC,_, and C,,, by
~ 16% and 50%, respectively, in patients with moderate
renal impairment compared with healthy subjects.’

This PopPK analysis has some limitations. The model
was based on a modest sample of clinical study partici-
pants (87 healthy subjects and 71 patients with PD and
“OFF” episodes). Doses for each individual were deter-
mined by titration to an effective and tolerable dose, rather
than by random assignment (see Table SD'; this may
introduce bias because persons with faster clearance may
titrate to higher doses. Additionally, limited PK samples
were obtained between 6 and 12 h postdose and there was
a lack of PK data beyond 12 h to better inform the model.
Finally, healthy subjects and patients with PD represent
distinct subpopulations in this analysis, and the observed
dose-concentration relationship appears approximately
dose-proportional among healthy subjects and less than
dose-proportional among patients with PD. The model-
predicted relationship between dose and bioavailability is
predicted to be less than dose-proportional but may reflect
other intrinsic (e.g., dry mouth) and extrinsic (e.g., inaccu-
racies in dosing diaries) factors that impact absorption or
model estimates. Furthermore, patient population may not
have been detected as a significant covariate due to collin-
earity with other covariate values (e.g., body weight) or the
high variability among patients with PD.

The PK properties of apomorphine sublingual film de-
scribed in this comprehensive PopPK analysis support its ad-
ministration as an on-demand treatment for patients with PD
and “OFF” episodes. Drug exposure with apomorphine sub-
lingual film is similar across a range of patient characteristics
tested as covariates, which should facilitate treatment across
a wide range of patients. Although apomorphine exposure
was found to be lower with greater body weight, apparent
clearance of apomorphine with apomorphine sublingual film
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is not influenced by weight.lg In addition, the comparable
predicted apomorphine exposure with maximal dosing of
sublingual (30 or 35 mg every 2 h for a maximum of 5 doses
per day) and subcutaneous (5 or 6 mg every 2 h for a maxi-
mum of 5 doses per day) administration is expected to further
support the administration of apomorphine sublingual film
across the full dose range.
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