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AIMS
Levodopa-carbidopa intestinal gel (LCIG) provides continuous
levodopa-carbidopa delivery through intrajejunal infusion. This study
characterized the population pharmacokinetics of levodopa following
a 16 h jejunal infusion of LCIG or frequent oral administration of
levodopa-carbidopa tablets (LC-oral) in subjects with advanced
Parkinson’s disease (PD).

METHODS
A non-linear mixed-effects model of levodopa pharmacokinetics was
developed using serial plasma concentrations from an LCIG phase 1
study and a phase 3 double-blind, double-dummy study of the efficacy
and safety of LCIG compared with LC-oral in advanced PD patients
(n = 68 for model development; 45 on LCIG and 23 on LC-oral). The
final model was internally evaluated using stochastic simulations and
bootstrap and externally evaluated using sparse pharmacokinetic data
from 311 subjects treated in a long term safety study of LCIG.

RESULTS
The final model was a two compartment model with a transit
compartment for absorption, first order elimination, bioavailability
for LCIG (97%; confidence interval = 95% to 98%) relative to LC-oral,
different first order transit absorption rate constants (LCIG = 9.2 h–1 vs.
LC-oral = 2.4 h–1; corresponding mean absorption time of 7 min for
LCIG vs. 25 min for LC-oral) and different residual (intra-subject)
variability for LCIG (15% proportional error, 0.3 μg ml−1 additive error)
vs. LC-oral (29% proportional error, 0.59 μg ml−1 additive error).
Estimated oral clearance and steady-state volume of distribution
for levodopa were 24.8 l h−1 and 131 l, respectively.

CONCLUSIONS
LCIG administration results in faster absorption, comparable levodopa
bioavailability and significantly reduced intra-subject variability in
levodopa concentrations relative to LC-oral administration.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Levodopa and carbidopa combination is the

primary standard treatment in Parkinson’s
disease.

• Levodopa concentrations fluctuate
significantly with oral treatment due to the
unpredictable variability of gastric emptying
and levodopa’s short half-life. This
contributes to the troublesome motor
complications in advanced Parkinson’s
disease.

• Levodopa-carbidopa intestinal gel (LCIG)
was developed to overcome the limitations
of oral treatment by providing continuous
delivery through intrajejunal infusion.

WHAT THIS STUDY ADDS
• This study characterized the population

pharmacokinetics of levodopa following
jejunal administration of LCIG or oral
administration of levodopa-carbidopa to
subjects with advanced Parkinson’s disease.

• Using the pharmacokinetic data from LCIG
phase 1 and 3 clinical studies, this analysis
compared levodopa bioavailability and the
intra-subject variability in levodopa plasma
concentrations for the two methods of
administration in the target patient
population.

British Journal of Clinical
Pharmacology

DOI:10.1111/bcp.12324

94 / Br J Clin Pharmacol / 78:1 / 94–105 © 2014 The Authors. British Journal of Clinical Pharmacology published by
John Wiley & Sons Ltd on behalf of The British Pharmacological Society.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

mailto:ahmed.othman@abbvie.com
http://creativecommons.org/licenses/by-nc-nd/3.0/


Introduction

Parkinson’s disease is the second most common
neurodegenerative disorder after Alzheimer’s disease [1].
The disease is characterized by progressive degeneration
of the dopaminergic nigrostriatal system and depletion of
dopamine, which results in the core motor symptoms of
bradykinesia, rigidity, tremor, and postural instability [2].
Levodopa is the amino-acid precursor of dopamine and
replenishes the depleted striatal dopamine. Carbidopa
is administered with levodopa to inhibit its extracerebral
decarboxylation, allowing more levodopa to cross the
blood–brain barrier to target the striatal dopamine recep-
tors [3]. The combination of levodopa and carbidopa is the
primary standard of treatment in Parkinson’s disease [4, 5].

Patients with Parkinson’s disease suffer from periods of
‘off’ time (periods of poor mobility, slowness, and stiffness)
that may alternate with periods of ‘on’ time (periods of
good motor system control without troublesome dyskine-
sia). In advanced stages of Parkinson’s disease, patients
treated with oral levodopa may develop troublesome
motor fluctuations at the end of each dose (wearing off),
unpredictable swings from mobility to immobility (‘on–off’
phenomenon), or levodopa-induced dyskinesia, which
closely correlate with fluctuating plasma concentrations
of levodopa and pulsatile availability of dopamine [6, 7].
Plasma concentrations of orally administered levodopa
fluctuate due to its short half-life and the unpredictable
variability of gastric emptying [4]. Treatments that offer
more continuous dopaminergic stimulation may decrease
the risk of development of motor fluctuations and
dyskinesias and clinical evidence suggests that chronic
(continuous) infusion of levodopa dramatically amelio-
rates motor fluctuations [8–11].

Levodopa-carbidopa intestinal gel (LCIG) was
developed to overcome the limitations of oral levodopa-
carbidopa treatment. The LCIG System (Duodopa®) con-
sists of a suspension of levodopa carbidopa monohydrate
(4 : 1) in an aqueous gel (carboxymethyl cellulose) that is
continuously delivered via a portable infusion pump to the
proximal small intestine through a percutaneous endo-
scopic gastrostomy with jejunal extension (PEG-J). The
delivery of LCIG directly to the proximal small intestine
results in less variability in levodopa and carbidopa plasma
concentrations and provides a continuous rather than
intermittent stimulation of the dopaminergic receptors in
the brain [9, 11, 12].

The objective of the present analysis was to character-
ize the population pharmacokinetics of levodopa follow-
ing jejunal administration of LCIG or oral administration
of immediate release levodopa-carbidopa (LC-oral) to
subjects with advanced Parkinson’s disease. Using the
pharmacokinetic data from LCIG phase 1 and 3 clini-
cal studies and a non-linear mixed-effects modelling
approach, this analysis compares levodopa bioavailability
and the intra-subject variability in levodopa plasma

concentrations for the two methods of administration in
the target patient population.

Methods

To characterize the population pharmacokinetics of
levodopa following jejunal infusion of LCIG or frequent
administration of LC-oral to subjects with advanced Par-
kinson’s disease, levodopa pharmacokinetic data were
combined from a phase 1 study and a phase 3 pivotal
study of LCIG, where LC-oral was used as a comparator in
the latter. Levodopa pharmacokinetic data from an open
label phase 3 study of LCIG were used for external evalua-
tion of the population model as described below.

Study designs
Studies included in model development
Study 1: This was a multicentre, open-label pharma-
cokinetic study of LCIG in subjects with advanced Parkin-
son’s disease. The study design was previously described
in detail [12]. Male and female subjects already on stable
LCIG (AbbVie, North Chicago, IL, USA) regimens for more
than 30 days were enrolled in the study. Nineteen subjects
were enrolled in the study and one subject was prema-
turely discontinued prior to the pharmacokinetic assess-
ment day. LCIG was administered to the jejunum with
a portable infusion pump (CADD-Legacy® Duodopa,
Smiths Medical, MN, USA) via a percutaneous endoscopic
gastrostomy with jejunal extension tube. Subjects were
confined in the clinic for 2 days and the infusion duration
on each day was 16 h (day −1 and day 1). On day −1, night-
time LC-oral was allowed after termination of infusion
and up to 3 h prior to the start of the pump on the
pharmacokinetic day (day 1).

On the pharmacokinetic day, all subjects received their
individualized doses of LCIG. The total daily dose of LCIG
was the sum of three components: morning (loading)
dose, continuous (maintenance) dose and extra doses.
At end of the infusion duration, the jejunal tubes
were flushed with 3 ml of water to administer the drug
product remaining in the tubing dead space. On the
pharmacokinetic assessment day, the total mean (SD) LCIG
dose of levodopa was 1580 (403) mg. The morning dose
ranged from 4 to 11.5 ml (infused at a rate of 40 ml h–1),
corresponding to 80 to 230 mg levodopa. The continuous
dose infusion rate ranged from 2.7 to 6.1 ml h–1 (54 to
122 mg levodopa h–1). Extra doses were given if the patient
became hypokinetic during the day. Use of extra doses of
LCIG was discouraged during the pharmacokinetic sam-
pling day, on which only two subjects received extra doses
[two 2 ml (40 mg levodopa) extra doses for one subject
and one 5 ml (100 mg levodopa) extra dose dose for
another]. Serial blood samples were collected on the
pharmacokinetic sampling day immediately prior to the
initiation of LCIG infusion and at the following time points
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after the initiation of infusion: 5 min, immediately after the
end of the morning dose, every 30 min up to 8 h (0.5, 1, 1.5,
2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8 h), 12, 16 (imme-
diately after flushing the tube), 17, 18 and 19 h.

Study 2: This was a 12 week, active-controlled, rando-
mized, double-blind, double-dummy, parallel group,
multicentre study of the efficacy, safety and tolerability of
LCIG in the treatment of levodopa-responsive subjects
with advanced Parkinson’s disease. Subjects had to have
persistent motor fluctuations, despite optimized treat-
ment with oral levodopa-carbidopa in addition to other
available anti-Parkinson’s disease medications to be
eligible for the study. The study design was previously
described in detail [11]. Subjects were randomly assigned
to treatment with either a) LCIG infusion plus placebo
capsules or b) over-encapsulated immediate release
levodopa/carbidopa 100/25 mg (LC-oral) plus placebo gel
infusion. A total of 71 subjects were randomized to treat-
ment in this study. Of those, 37 subjects were randomly
assigned to LCIG infusion plus placebo capsules and 34
subjects were randomly assigned to LC-oral plus placebo
gel infusion. The gel was delivered via a percutaneous
endoscopic gastrostomy with jejunal extension tube.
Dosing of the gel and the capsules was individually
optimized by titration to optimal effect (double-titration of
capsules and gel to maintain blinding) during the first 4
weeks of the study. Subjects then remained on their indi-
vidualized doses for the remaining 8 weeks of the study.
The study drugs (gel infusion and capsules) were adminis-
tered over a 16 h period and consisted of a morning dose
(infusion and oral capsules) and a continuous infusion of
the gel, and a regimen of oral capsules. Additional doses of
open-label oral immediate-release levodopa-carbidopa
tablets were used to treat acute changes in the subject’s
Parkinson’s disease symptoms. During the 8 h the subjects
were not receiving the infusion, they received individual-
ized regimens of oral immediate-release levodopa-
carbidopa tablets for symptom control. The mean (SD)
daily levodopa dose from the double-blind treatment
across the entire study period was 1117 (474) mg day−1 for
LCIG and 1351 (618) mg day−1 for LC-oral. The mean (SD)
total daily dose of levodopa from all sources was 1164
(483) mg for the LCIG group and 1409 (617) mg for the
LC-oral group.

For subjects enrolled early in the study (n = 20),
planned pharmacokinetic sampling was on weeks 4 and
12 as follows: at 12, 16, 17, and 18 h post-initiation of intes-
tinal gel infusion on days 28 and 84, and prior to initiation
of intestinal gel infusion and after start of infusion at the
following time points: 5 min, end of morning dose, and 1,
1.33, 1.67, 2, 2.33, 2.67, 4, 4.33, 4.67, 8, 8.33 and 8.67 h on
days 29 and 85.

For subjects enrolled later in the study (n = 51), planned
pharmacokinetic sampling was only during week 6 to
reduce the burden of the study procedures. For those sub-

jects, pharmacokinetic samples were planned as follows:
prior to initiation of intestinal gel infusion and after start
of infusion at the following time points: 1, 2, 4, and 8 h on
study day 43. Some subjects had additional blood samples
collected at 12 and 16 h post-infusion initiation on study
day 42.

Study utilized in external evaluation of the model
Study 3: This was a phase 3, open-label, multicentre study
of the safety, tolerability and efficacy of LCIG administered
for 12 months in subjects with levodopa-responsive
advanced Parkinson’s disease with severe motor fluctua-
tions despite optimized treatment with available Parkin-
son’s disease medications. A total of 354 subjects were
allocated to treatment in this study. The study started with
a nasojejunal test period (2 to 14 days) during which sub-
jects received LCIG via a nasojejunal tube. This was fol-
lowed by percutaneous endoscopic gastrostomy (PEG)
surgery and post-PEG long term treatment period through
the PEG-J tube. The study design was previously described
in detail [13]. The LCIG dose was individually optimized by
titration at the start of the nasojejunal phase and again at
the start of the PEG-J phase. Once the treatment via PEG-J
tube administration was optimized, the 12 month (52
weeks) post-PEG-J long term treatment period began,
during which dosing of LCIG was to be changed according
to clinical condition. Individually-optimized dosing of LCIG
was delivered over a 16 h period, administered as a
morning bolus followed by continuous infusion, and if
needed, intermittent extra doses (patient-initiated based
on symptom experience). Oral levodopa-carbidopa was
allowed at night as supplemental night medication after
disconnecting the pump or as rescue medication during
the day if unable to use the extra dose pump infusion. The
overall mean daily dose of levodopa from week 4 to end-
point was 1551 to 1572 mg day−1 from LCIG and 1614 to
1621 mg day−1 from all sources. One blood sample for
pharmacokinetic analysis was collected during the post-
PEG long term treatment period on days 28, 84, 168, and
378 (four total planned samples per subject).

Bioanalysis
Processing of the pharmacokinetic samples and analysis of
levodopa plasma concentrations using liquid chromatog-
raphy with tandem mass spectrometric detection (LC-MS/
MS) were previously described in detail [12]. The analytical
method was validated over a concentration range of 10 to
5000 ng ml−1. Across studies, the %CV for levodopa analyti-
cal precision was ≤ 11% and the bias was within −6.4 to
4.8%.

Population pharmacokinetic analysis dataset
Sixty-eight male and female subjects with advanced
Parkinson’s disease who participated in studies 1 or 2 (18
subjects from study 1 and 50 subjects from study 2) and
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who had available pharmacokinetic data and dosing
history information (recorded) during the pharmacok-
inetic sampling study days were included in the model
development. Of the 68 subjects, 45 subjects received
LCIG and 23 subjects received LC-oral. Sparse pharmaco-
kinetic data from adult male and female subjects (n = 311)
with advanced Parkinson’s disease who participated in
study 3 and who had plasma concentration and dosing
history information during the pharmacokinetic sampling
study days (recorded or imputed as described below) were
included in the model external evaluation using stochastic
simulations.

Dosing records on the pharmacokinetic sampling days
and the days immediately preceding pharmacokinetic
sampling days were included in the analysis dataset. These
dosing records were deemed sufficient to characterize
the pharmacokinetics of levodopa since levodopa has a
very short half-life (less than 2 h). All dosing records for any
formulation containing levodopa-carbidopa (morning,
continuous and extra-doses of LCIG, doses associated with
LCIG tube flush, night-time, rescue and unclassified LC
tablets and LC-oral capsules) were included in the analysis
datasets. Dosing records included the amounts, dosing
times, rates of infusion and infusion duration (when appli-
cable, doses associated with tube flush were considered
bolus). Actual dosing times, durations and sampling times
were used in the analysis.

Missing continuous infusion durations (for two occa-
sions in the model development dataset) were assumed
to be 16 h, per protocol. No other imputation of dosing
information was conducted for the model development
dataset. For the external evaluation dataset, missing
dosing information on the pharmacokinetic sampling
days was imputed from the days prior to pharmacokinetic
sampling since dosing was to be stable during this period
(309 out of the 311 subjects had imputed dosing at least
on one occasion). Missing body weight values for two
subjects in the external evaluation dataset were imputed
with 70 kg (which approximated the median body weight
in the dataset). All levodopa concentrations in the devel-
opment and evaluation datasets were above the limit of
quantitation.

Model development
The population pharmacokinetic model was developed
using the non-linear mixed-effects modelling software
NONMEM (version 7.2; Icon Development Solutions, Ellicott
City, MD, USA). The first order conditional estimation
method (FOCE) with INTERACTION and a user-defined
model (ADVAN6 NONMEM Subroutine) were used for the
analysis. One and two compartment structural models
were evaluated and the two compartment model was
found to fit the data better. The two compartment model
was parameterized in terms of clearance (CL), volume
of central (Vc) and peripheral (Vp) compartments, inter-
compartmental clearance (Q) and first order absorption

rate constant (Ka). Addition of parameters to the base
model was conducted in a stepwise manner. Inclusion of
either a lag-time or a transit compartment (between the
dosing and central compartments) was evaluated. Inclu-
sion of a relative bioavailability factor (Frel) where Frel was
set to 1 for the oral LC formulations (LC-oral capsules and
night-time, rescue, or unclassified LC tablets) as the refer-
ence and Frel was estimated for LCIG (morning doses, con-
tinuous infusion, extra-doses and doses associated with
tube flush) was evaluated. Estimation of a different transit
rate constant for absorption (Ktr) for the LC-oral treatment
was assessed.

Body weight was evaluated as a covariate for CL, Vc, Vp

and Q and age was evaluated as a covariate for CL using a
power model as described with the following equation

TVP P Cov PFl l
P= ( )θ θ

1
2. (1)

where TVPl is the typical value of evaluated parameter P for
a subject with covariate value of l (Covl), PF is a normaliza-
tion factor (70 kg for body weight and 60 years for age).
Accordingly, Pθ2 is a constant that determines the non-
linear relationship between the parameter and the nor-
malized covariate value and Pθ1 is the typical parameter
value for a subject with 70 kg body weight or 60 years of
age. For body weight, an estimated Pθ2 or a fixed value of
0.75 for clearance parameters and 1 for volume param-
eters (allometric models) were evaluated.

Gender and entacapone [a catechol-O-methyl trans-
ferase (COMT) inhibitor; COMT is an enzyme involved in
metabolism of levodopa] concomitant use were evaluated
as covariates for levodopa clearance via binary indicator
variables (0 or 1) as follows:

TVCL CL CL CovIND= ∗θ θ1 2 (2)

where CLθ1 is the typical clearance value for the reference
group for each binary covariate (males or subjects who did
not concomitantly use entacapone) and CLθ2 is the ratio
of the clearance of females (CovIND = 1) to males (CovIND
= 0) or ratio of clearance of subjects who concomitantly
used entacapone (CovIND = 1) to those who did not use
entacapone (CovIND = 0) on the pharmacokinetic sam-
pling days.

The majority of subjects in the analysis dataset were of
White race. Therefore, race could not be robustly evalu-
ated as a covariate on clearance. Inter-subject variability in
CL, Vc and Ktr (or Ka in the starting models) was estimated
using an exponential error model as follows:

P TVPi i= ( )exp η (3)

where ηi is the proportional difference between the
parameter estimate of the ith subject (Pi) and the typical
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population parameter value (TVP) and ηi is assumed to
be normally distributed with a mean of 0 and a variance
of ω2. Covariance between inter-subject variability in the
pharmacokinetic parameter was evaluated using the
BLOCK statement in NONMEM. The residual random error
was modeled using a combined proportional and additive
error models as follows:

C Cij ij ij ij= ⋅ ( )+ˆ exp ε ε1 2 (4)

where Cij is the measured plasma concentration of the ith

individual at time j, Ĉij is the corresponding model pre-
dicted concentration, and ε1ij and ε2ij are the proportional
and additive components, respectively, of the residual
random error. Each of the residual error components was
assumed to be independently normally distributed with a
mean of 0 and variances of σ2: εn ∼ N (0, σn

2).
Different residual error variances for subjects treated

with LCIG (study 1 and arm 1 of study 2) vs. subjects treated
with LC-oral (arm 2 of study 2) were evaluated.

Several criteria were used to evaluate the improvement
in the model performance and to select the final model.
The Likelihood Ratio Test was used for comparing rival
hierarchical models where a decrease in NONMEM objective
function (–2 log likelihood) of 7.88 points was necessary to
consider the improvement in model performance statisti-
cally significant at α = 0.005 and 1 degree of freedom [14].
The Akaike information criterion (AIC) was used for com-
paring rival non-hierarchical models [15]. Other selection
criteria used included improved goodness of fit and
residual plots, increased precision in parameter estimation
and reduced variance of inter-subject and residual errors.

Model internal evaluation
Bootstrap evaluation The robustness of the final model
was evaluated using non-parametric bootstrap. In this pro-
cedure, subjects were randomly sampled with replace-
ment from the original dataset (with no stratification) to
form 1000 new datasets each having the same number of
subjects as the original dataset. The final model was then
fitted to the bootstrap datasets and all the model param-
eters were estimated. The median and 95% confidence
interval (defined by the 2.5th and 97.5th percentiles) for
each parameter were then calculated from the successfully
converging runs (regardless of success of the covariance
step) and compared with the point estimates from the
original dataset.

Visual predictive check The adequacy of the final model
was evaluated using standard visual predictive check (VPC)
as well as prediction-corrected VPC (pcVPC) [16]. The final
model parameters were used to simulate 500 replicates
of the observed data using NONMEM. For calculation of
summary statistics and graphical display, observed and
simulated concentration data were categorized by

rounded time after dosing. Time after dosing was defined
as the time relative to start of morning infusion of LCIG or
time relative to administration of the immediately preced-
ing dose of LC-oral. Time points with low number of con-
centrations were combined with adjacent time points.
Simulated negative plasma concentrations (because of the
additive component of the error model) were replaced
with zero. In the standard VPC, the observed data as well as
calculated statistics [median, 5th percentile (P5) and 95th
percentile (P95)] of observed concentrations were com-
pared graphically to the 95% confidence intervals for the
median, P5 and P95 of simulated concentrations. The 95%
confidence intervals for the median, P5 and P95 of simu-
lated concentrations were calculated from the 2.5th per-
centile and 97.5th percentiles of each parameter across
simulated replicates. In the pcVPC, to normalize for the
variability in independent variables (dose, time and body
weight) in the graphical display of the predictive perfor-
mance of the model, the observations and simulations
were normalized based on the typical population predic-
tions as follows and previously described [16].

pcY Y
PRED

PRED
ij ij

bin

ij

= . (5)

where Yij is the observed or simulated plasma concentra-
tion for subject i at time j, pcYij is the prediction-corrected
Yij, PREDij is the typical model prediction (PRED) for Yij,
PREDbin is the median value of all the PREDs in the bin
within which Yij is graphically presented. The PRED-
corrected observed and simulated values were then sum-
marized and displayed graphically as described above for
the standard VPC.

Model external evaluation
The final model parameters were used to simulate 500
replicates of study 3 pharmacokinetic data using NONMEM.
Study 3 was not used for the model development. There-
fore, this represents an external evaluation of the predic-
tive ability of the model for LCIG. The external evaluation
provides no information on the ability of the model to
predict data for LC-oral since LC-oral was not evaluated in
study 3. Calculation of summary statistics and graphical
display of observed and simulated data for study 3 was
conducted as described above under visual predictive
check. PRED corrections for the observed and simulated
concentrations were also conducted.

TIBCO Spotfire S + ® 8.1 for Windows was used for sta-
tistical calculations and for graphical display of the results.

Results

Demographics and subject disposition
Summary of the demographic data for the subjects
included in the development and evaluation of the
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levodopa pharmacokinetic model are presented in
Table 1. Among the subjects included in model develop-
ment, 12 subjects reported concomitant use of entaca-
pone on the pharmacokinetic sampling days. For model
development and internal evaluation, 1182 levodopa
plasma concentrations were available from 68 subjects.
For external evaluation of the model, 1041 levodopa
plasma concentrations were available from 311 subjects.
Four out of the 1041 concentrations were later excluded
from the external evaluation because they were clearly
erroneous.

Levodopa pharmacokinetic model
The levodopa pharmacokinetic model building history
and the associated changes in NONMEM objective function
are presented in supporting information Table S1. The
base model was a two compartment model with a transit
compartment for absorption (between the dosing and
central compartments) and first order elimination. The
model was parameterized in terms of clearance (CL),
volume of central compartment (Vc), volume of peripheral
compartment (Vp), inter-compartmental clearance (Q) and
first-order transit rate constant for absorption (Ktr). Inter-
subject variability was estimated for CL, Vc and Ktr using an
exponential model. The residual variability was estimated
using a combined additive and proportional error models.
The transit compartment model was selected over the lag-
time model since the transit compartment model has one
less parameter and transit models are generally more
numerically stable than lag-time models. The two models
(lag time and transit) provided comparable objective func-
tions once relevant covariates were incorporated (sup-
porting information Table S1). Inclusion of formulation

(LCIG vs. oral LC) as a covariate on bioavailability signifi-
cantly improved the model fit (ΔOF = −28.60, P < 0.005).
A relative bioavailability factor (Frel) was included in the
model where Frel was set to 1 for the oral LC formulations
(LC-oral capsules and night-time, rescue, or unclassified LC
tablets) as the reference and Frel was estimated for LCIG
(morning doses, continuous infusion, extra doses and
doses associated with tube flush). The estimated relative
bioavailability for LCIG in the final model was 97% (95%
bootstrap confidence interval: 95 to 98%). Estimation of a
different transit rate constant for absorption (Ktr) for the
LC-oral treatment arm of study 2 resulted in further signifi-
cant reduction in the NONMEM objective function (ΔOF =
−13.14, P < 0.005). Inclusion of body weight (normalized to
70 kg) as a covariate for Vc using an allometric model with
a fixed exponent of 1 improved the model fit (ΔOF = −9.13,
P < 0.005). Inclusion of body weight as a covariate on
levodopa clearance did not improve the model fit to any
appreciable extent (3.5 and 5.9 points reduction in NONMEM

objective function for fixed 0.75 or estimated allometric
exponent for relationship between levodopa clearance
and body weight, respectively, P > 0.01). Additionally,
levodopa clearance was not found to be statistically
significantly correlated with gender of the subject or
concomitant use of the catechol-O-methyl transferase
inhibitor, entacapone (P > 0.01). Age almost reached sig-
nificance for inclusion as a covariate for levodopa clear-
ance (ΔOF = –7.65, P = 0.0057). Estimating different
residual error variances for subjects treated with LCIG
(Study 1 and treatment arm 1 of study 2) vs. subjects
treated with LC-oral (arm 2 of study 2) significantly
improved the model fit (ΔOF = −189, Table 5). Finally, esti-
mating covariance between inter-subject variability in CL

Table 1
Demographic data summary for subjects included in model development and evaluation

Demographic Characteristic
Model development dataset External evaluation dataset

LCIG (n = 45) LC-oral (n = 23) Total (n = 68) LCIG (n = 311)*

Gender, n (%)

Male 28 (62.2) 14 (60.8) 42 (61.7) 177 (57.0)

Female 17 (37.7) 9 (39.1) 26 (38.2) 134 (43.0)
Race, n (%)

White 44 (97.7) 21 (91.3) 65 (95.5) 289 (92.9)
Other 1 (2.2) – 1 (1.4) 2 (0.643)
Asian – 2 (8.6) 2 (2.9) 20 (6.4)

Age (years)

Mean (SD) 64.3 (9.6) 64.7 (6.9) 64.4 (8.7) 64.2 (9.0)

Range 39–83 45–79 39–83 38–83
Weight (kg)

Mean (SD) 72.8 (16.7) 74.5 (21.1) 73.3 (18.1) 70.8 (15.5)
Range 44.7–135 55–148 44.7–148 39.7–123

BMI (kg m−2)

Mean (SD) 24 (4.58) 26.1 (7.14) 24.7 (5.62) 24.8 (4.6)

Range 17.7–41.7 17.7–45.7 17.7–45.7 15.9–49.9

*Sparse pharmacokinetic samples (up to four total/subject) were available for subjects in the external evaluation dataset. BMI, body mass index.

Levodopa Pharmacokinetics: LCIG vs. oral tablets

Br J Clin Pharmacol / 78:1 / 99



and Ktr resulted in further reduction in the objective func-
tion (ΔOF = −7.93, P < 0.005, Table 5). Using a full covari-
ance matrix for inter-subject variability in CL, Vc and Ktr did
not result in further significant improvement in the model
fit.

Diagnostic plots for the final model are presented in
Figure 1A–1D. Scatter plots of population predicted vs.
observed levodopa concentration (Figure 1A) and the indi-
vidual predicted vs. observed levodopa concentrations
(Figure 1B) showed symmetric distribution around the line
of identity and good agreement between observed and
individual predicted concentrations, indicating that the
model fit the data well at the population and individual
subjects levels. Scatter plots of the conditional weighted
residuals [17] vs. population predicted levodopa concen-
trations or time did not show any systematic bias in the
model fit.

The shrinkage of inter-subject variability (ETA shrink-
age) [18] for CL/F, Vc/F and Ktr was 8%, 25% and 24%,
respectively. The shrinkage of the proportional and addi-
tive intra-subject variability (Epsilon Shrinkage) was 6% for
LCIG and 5% for LC-oral.

The estimated levodopa pharmacokinetic parameters
and their associated variability are presented in Table 2.

Model evaluation
Internal evaluation The final model converged for 977 out
of the 1000 bootstrap datasets (of those, covariance step
was complete for 856 datasets). The median and 95%
confidence intervals (calculated as the 2.5th and 97.5th
percentiles) of the bootstrap parameter estimates are
presented in Table 2. The median parameter estimates
from the bootstrap datasets were comparable with the
point estimates from the original dataset. Additionally, the
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bootstrap calculated uncertainty in the fixed effects
parameter estimates were generally in agreement with the
uncertainty in the estimates from the original dataset.

The standard VPC for the final model stratified by treat-
ment is presented in Figure 2. The prediction-corrected
VPC is presented in Figure 3. Using the final model, there
was good agreement between the observed and simu-
lated levodopa plasma concentrations with the medians,
5th and 95th percentiles of observed levodopa plasma
concentrations falling within the simulated confidence
intervals for these parameters during the majority of the
time course, particularly after normalizing for the variabil-
ity in the independent variables (doses, time of sampling,
body weight differences) using the PRED correction
(Figure 3).

External evaluation The observed and final model pre-
dicted levodopa plasma concentrations for study 3 are
presented in Figure 4. Study 3 was not included in the
dataset used for model development. Therefore, Figure 4
represents an external evaluation of the predictive ability
of the final model for LCIG. There was good agreement
between the observed and simulated levodopa plasma
concentrations for the external evaluation dataset with the
medians, 5th and 95th percentiles of observed levodopa

plasma concentrations falling within the simulated confi-
dence intervals for these parameters during the majority of
the time points, particularly after normalizing for the vari-
ability in the independent variables using the PRED correc-
tion (Figure 5).

Discussion

The present analysis characterized the population
pharmacokinetics of levodopa following jejunal infusion
of LCIG or frequent oral administration of immediate
release levodopa-carbidopa (LC-oral) tablets in subjects
with advanced Parkinson’s disease. The analysis utilized
combined levodopa intensive pharmacokinetic data from
68 subjects who participated in a phase 1 pharmacokinetic
study or a phase 3 double-blind double-dummy efficacy
study of LCIG. The developed model compares levodopa
absorption, bioavailability and intra-subject variability for
the two treatment modalities in the target patient popu-
lation for LCIG use.

Results from the present analysis demonstrate that
LCIG has comparable bioavailability to the oral levodopa-
carbidopa 100/25 mg immediate release (IR) tablets (over-
encapsulated Sinemet tablets used as active control in
the LCIG phase 3 study). The bioavailability estimate for
levodopa from LCIG relative to LC-oral was 97% (95% boot-
strap confidence interval of 95% to 98%). Comparable
levodopa bioavailability for LCIG and LC-oral is in agree-
ment with direct delivery of levodopa to the proximal
small intestine with LCIG infusion, where the expression of
the large neutral amino acid transporter, the absorptive
carrier of levodopa, is highest [12]. No previous studies
have been conducted to characterize directly the absolute
bioavailability of levodopa from LCIG or the bioavailability
of LCIG relative to immediate release oral levodopa-
carbidopa. With standard LC-oral (4 : 1 ratio) tablets, Yeh
et al. reported an absolute levodopa bioavailability of 84 ±
13% in healthy young subjects and 99 ± 21% in elderly
subjects [19]. A pooled analysis from 20 patients across
three small LCIG studies by Westin et al. suggested that
LCIG has an absolute bioavailability of 88% with duodenal
delivery [20]. The analysis by Westin et al. had the limita-
tion of fixing levodopa disposition parameters to values
reported in the literature for intravenous infusion in differ-
ent patients. It is also noteworthy that the majority of
patients who contributed to the dataset analyzed by
Westin et al. received LCIG through a nasoduodenal tube,
not through PEG-J as in the current clinical practice.
Overall, results from the present analysis (directly) and the
analysis by Westin et al. (indirectly) demonstrate that deliv-
ery of LCIG to the proximal small intestine (jejunum or
duodenum) results in comparable bioavailability to oral
levodopa-carbidopa.

The results of the present analysis also suggest
that LCIG is absorbed faster than LC-oral, consistent with

Table 2
Parameter estimates for the final levodopa population pharmacokinetic
model and results of the bootstrap evaluation

Parameter
Point estimate
(%RSE)*

Bootstrap Median
[95% CI]†

Ktr (h–1)

LCIG 9.2 (19) 9.7 [6.0 to 14.3]

LC-oral 2.4 (30) 2.2 [0.85 to 5.2]
CL/F (l h−1) 24.8 (5) 24.4 [20.4 to 26.8]

Vc/F (l) 58.5 (11)*
WT(kg)/70

56.0 [36.6 to 71.0]*
WT(kg)/70

Q/F (l h−1) 6.8 (22) 7.9 [4.1 to 17.2]

Vp/F (l) 72.9 (49) 80.3 [22.9 to 408]
Frel

LCIG 0.97 (1) 0.97 [0.95 to 0.98]
LC-oral 1 Fixed 1 Fixed

ISVKtr (%) 88 (16) 79 [36 to 113]
ISVCL (%) 32 (9) 32 [27 to 39]

ISVVc (%) 61 (20) 58 [31 to 97]
CorrelationKtr,CL (%) −47 (16) −45 [–75 to −3.7]

Proportional error (%)

LCIG 15 (15) 15 [9 to 23]

LC-oral 29 (14) 29 [0.1 to 37]
Additive error SD (μg ml−1)

LCIG 0.30 (20) 0.29 [0.07 to 0.44]
LC-oral 0.59 (15) 0.59 [0.30 to 0.81]

*NONMEM point estimate and the associated % relative standard error (% RSE).
†The median and 95% confidence interval (2.5th and 97.5th percentiles) calculated
from the parameter estimates of the successfully converging runs (977) of the
1000 bootstrap datasets. Additive Error SD, additive residual error standard devia-
tion (σadd); CI, confidence interval; ISV, inter-subject variability calculated as ω *
100; Proportional error, proportional residual error calculated as σprop*100.
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skipping residence in the stomach with LCIG jejunal
delivery. The first order absorption transit rate constant
was estimated to be 9.2 h–1 for LCIG and 2.4 h–1 for LC-oral
(corresponding mean absorption time of 7 min for LCIG
vs. 25 min for LC-oral; estimated from the entire
pharmacokinetic dataset regardless of food intake for both

treatments). In a typical patient simulation, this difference
corresponds to a 30 min earlier tmax for a 200 mg morning
infusion of LCIG compared with a 200 mg oral dose (tmax

45 min for LCIG vs. 75 min for LC-oral).
Both one compartment [21, 22] and two compartment

[23, 24] structural models have been previously used to
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describe the pharmacokinetics of levodopa administered
with a decarboxylase inhibitor. In the present analysis, a
two compartment model described levodopa disposition
better than a one compartment model. Body weight
was a statistically significant covariate for levodopa Vc (Vc

allometrically scaled on 70 kg normalized body weight
with an exponent of 1). Inclusion of body weight as a

covariate for levodopa clearance did not improve the
model fit to any appreciable extent. Similarly, Jorga
et al. reported body weight as a significant covariate for
levodopa volume of distribution, but not clearance [22].
Chan et al. included body weight as a covariate on
all levodopa disposition parameters in their analysis
as a standard approach supported by the principles of
allometry [24]. However, the results from Chan et al. also
suggest that body weight explained more of the between-
subject variability in levodopa’s Vc than in levodopa’s total
clearance. In our analysis, introduction of body weight as
a covariate on all the clearance and volume parameters
resulted in more deviation of the remaining inter-subject
variability (η) for clearance from the normality assumption
(data not shown). Therefore, body weight was retained as
a covariate for the volume of distribution only in the final
model.

Gender was not found to be a statistically significant
covariate for levodopa clearance in the present analysis.
This is in agreement with the analysis by Chan et al. [24].
Jorga et al. suggested that gender is not a statistically
significant covariate for levodopa clearance in subjects
without motor fluctuations but it is a statistically signifi-
cant covariate for levodopa clearance in subjects with
motor fluctuations [22]. The presence of a gender-related
effect on levodopa pharmacokinetics has been in evalu-
ated in several other studies using non-compartmental
approaches and conflicting evidence has been reported
[25–27]. It has been suggested that the apparent gender-
related difference in exposure was partly because of incor-
rectly normalizing for body weight difference between
males and females in some analyses [27]. Based on the
present analysis and previously reported population
analyses of levodopa [22, 23], there is no clinically mean-
ingful gender-related difference in levodopa clearance.

Earlier studies suggested modest reduction of levo-
dopa clearance with increase in age [28, 29]. The popula-
tion analyses by Jorga et al. and Chan et al. did not find
age as a significant covariate for explaining inter-subject
variability in levodopa clearance [22, 23]. In the present
analysis, age was not included as a covariate for clearance
in the final model but it almost reached the set criterion for
inclusion in the model (P = 0.0057). Finally, no statistically
significant relationship was found between concomi-
tant use of the catechol-O-methyl transferase inhibitor,
entacapone, and levodopa clearance. However, few sub-
jects in the analysis dataset reported concomitant use
of entacapone on the pharmacokinetic sampling days.
Therefore, the available limited information does not allow
for a meaningful conclusion.

The estimated value of levodopa oral clearance in the
present analysis (24.8 l h−1, 95% bootstrap confidence
interval 20.4 to 26.8 l h−1) is in middle of the previously
reported range in the literature (7.7–38.5 l h−1 as summa-
rized by Chen et al. [23]). Levodopa steady-state volume of
distribution (Vc + Vp) (131 l, 95% bootstrap confidence

L
ev

o
do

pa
 p

la
sm

a 
co

nc
en

tr
at

io
n 

(m
g 

m
l-

1 )

12
10

8
6

4
2

0
LCIG

1 2 3 4

Time relative to start of infusion (h)

65 7

Figure 4
External evaluation of the predictive performance of the final
pharmacokinetic model using study 3. Observed and simulated levodopa
concentrations are depicted vs. time. ○, observed concentration; ,
observed median; , observed 5th and 95th percentiles; , 95% CI for
simulated median, 5th and 95th percentiles

P
re

di
ct

io
n-

co
rr

ec
te

d 
le

vo
do

pa
co

nc
en

tr
at

io
n 

(m
g 

m
l-

1 ) 12
10

8
6

4
2

0

1 2 3 4 65 7
Time relative to start of infusion (h)

Figure 5
Prediction-corrected observed and simulated levodopa concentrations
for study 3 vs. time. The typical prediction correction normalizes for the
differences in independent variables within a time bin allowing for better
visualization of the model predictive performance. ○, observed; ,
observed median; , observed 5th and 95th percentiles; , 95% CI for
simulated median, 5th and 95th percentiles

Levodopa Pharmacokinetics: LCIG vs. oral tablets

Br J Clin Pharmacol / 78:1 / 103



interval of 63.6 to 461 l) is at the upper end of the reported
range of 15.4 to 124 l across different analysis methodolo-
gies [23]. The between subject variability in levodopa oral
clearance and volume of distribution in the present analy-
sis (32 and 61%, respectively) are in line with previously
reported values by Jorga et al. for oral administration (26
to 33% for levodopa clearance and 42 to 80% for volume of
distribution).

In the final model, administration of LCIG was esti-
mated to be associated with approximately half the intra-
subject variability in levodopa concentrations compared
with administration of oral levodopa-carbidopa in subjects
with advanced Parkinson’s disease. The estimated propor-
tional residual error (first component of intra-subject vari-
ability) was 15% for LCIG vs. 29% for LC-oral. The estimated
standard deviation of the additive residual error in
levodopa concentrations (second component of intra-
subject variability) was 0.3 μg ml−1 for LCIG vs. 0.59 μg ml−1

for LC-oral. These results are consistent with previous
findings by Nyholm et al. which demonstrated that
the average intra-subject coefficient of variation, calcu-
lated using standard statistical methods, for the plasma
levodopa concentrations was 14% during continuous
duodenal infusion of LCIG vs. 34% during oral therapy
(P < 0.01) [9].

In summary, we developed a population model that
describes levodopa pharmacokinetics with LCIG jejunal
infusion or LC-oral administration in subjects with
advanced Parkinson’s disease. The analysis results demon-
strate that levodopa bioavailability is comparable for LCIG
infusion and LC-oral administration. LCIG jejunal infusion
results in approximately half the intra-subject variability in
levodopa concentrations observed with LC-oral adminis-
tration. LCIG is absorbed faster than LC-oral, consistent
with direct delivery of LCIG to the jejunum. The developed
model was robust and replicated the features of the data
from which it was built in simulations. In addition, the
model was able to predict adequately levodopa plasma
concentrations for a study of LCIG that was not utilized in
model development. The model will be a useful research
tool and can help optimize dosing with LCIG.
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