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Abstract
Objectives Low dose, dispersible, levodopa/carbidopa microtablets with an automatic dose dispenser have been developed to
facilitate individualized levodopa treatment. The aim of this study was to characterize the pharmacokinetics (PK) of levodopa and
carbidopa after microtablet administration, and evaluate the impact of potential covariates.
Methods The population PK analysis involved data from 18 healthy subjects and 18 Parkinson’s disease patients included in two
single-dose, open-label levodopa/carbidopa microtablet studies. The analysis was carried out using non-linear mixed effects
modeling. Bodyweight was included on all disposition parameters according to allometric scaling. Potential influence of additional
covariates was investigated using graphical evaluation and adjusted adaptive least absolute shrinkage and selection operator.
Results Dispositions of levodopa and carbidopa were best described by a two- and one-compartment model respectively.
Double-peak profiles were described using two parallel absorption compartments. Levodopa apparent clearance was found to
decrease with increasing carbidopa dose (15% lower with 75 compared to 50 mg of carbidopa) and disease stage (by 18% for
Hoehn and Yahr 1 to 4). Carbidopa apparent clearance was found to decrease with age (28% between the age of 60 and 80 years).
An external evaluation showed the model to be able to reasonably well predict levodopa concentrations following multiple-dose
microtablet administration in healthy subjects.
Conclusions The presented models adequately described the PK of levodopa and carbidopa, following microtablet administra-
tion. The developed model may in the future be combined with a pharmacokinetic-pharmacodynamic target and used for
individualized dose selection, utilizing the flexibility offered by the microtablets.
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Introduction

In the initial stage of Parkinson’s disease (PD), the effect from
levodopa (LD) and carbidopa (CD) treatment is often satisfac-
tory, with a stable motor function that is near normal throughout
the day. As the disease progresses, the treatment effect duration

shortens, and as the effect wears off, disease-specific symptoms
reappear. With further disease progression, patients may devel-
op involuntary movements (i.e., dyskinesia), typically occur-
ring as a LD peak concentration phenomenon. In this stage,
there is a narrow therapeutic window, with a lower threshold
for symptom relief, and an upper threshold where dyskinesia
appears [1]. The thresholds are individual, and a reason to why
tailored doses and dosing intervals are necessary for optimal
treatment outcome. For patients with Parkinson’s disease, the
pharmacokinetics of LD thus become increasingly important
with disease progression.

The LD/CD, low dose, microtablets, 5/1.25 mg [2, 3]
(Flexilev®, Sensidose AB, Sollentuna, Sweden), dispensed
with an automatic dose dispenser [4] MyFID™ have been
developed with the incentive to facilitate individual, frequent
dosing of LD/CD treatment. The dispenser records the dosing
history (amount and timing) and indicates if a planned dose is
missed. It also has a diary function which allows for self-
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reporting of symptoms that can be viewed by both the patient
and the treating physician. This enables easier follow-up of
treatment and evaluation of the therapy. The patients can be-
come more involved in their treatment, and for the physicians,
it can serve as an aid in therapeutic decision-making. This
treatment alternative allows the dosages to be highly individ-
ualized, but initial investigations have shown that it can be
challenging to find the optimal dosing regimen [5]. A popu-
lation pharmacokinetic (PK) model for the LD/CD
microtablets incorporating influential covariates provides a
better understanding of LD’s pharmacokinetics. The model,
in combination with a pharmacodynamic model, can be used
to visualize the individuals expected time profile of the con-
centration and effect (size and duration) based on current dos-
ing, and be used to facilitate the tailoring of treatment to the
need of individual patients.

This analysis aimed to characterize the pharmacokinetics of
LD and CD following LD/CD microtablet administration in
patients and healthy subjects, and to explore potential differ-
ences between patients with advanced PD and healthy sub-
jects using a population model-based approach.

Methods

Study data

Data from two previously published single-center, open-label,
single-dose studies were combined and used for the PKmodel
development (Study 1–2) [2, 6]. Additionally, data from a
previously published single-center, open-label, multiple-dose
study was used for external model evaluation (Study 3) [3].
The bioanalytical methods are described in the supplementary
material (Online Resource 1).

Study 1

Study 1 included 18 healthy subjects (Table 1) who received
100/25mg of LD/CDmicrotablets (i.e., 20 tablets dissolved in
a glass of 100 mL water) [2]. Blood samples were obtained
before dosing (within 1 h before administration of study drug)
every 10min during the first hour; every 20min between hour
1 and 2; half-hourly between 2 and 3 h; hourly between 3 and
6 h; and at 8, 10, 12, and 24 h after intake.

Study 2

Study 2 included 19 patients with Parkinson’s disease (Table
1) experiencing motor fluctuations who received 150% of
their individual LD equivalent morning dose of LD/CD
microtablets (range 110/27.5–410/102.5 mg, dissolved in a
glass of 100 mL water) after an overnight washout period
[6]. Blood samples were obtained prior to dosing (within 1 h

before administration of study drug), in conjunction with dos-
ing at time 0, and thereafter at 15, 30, 45, 60, 80, 100, 120,
150, 180, 210, 240, 300, and 360 min after dose administra-
tion. The patients were allowed to discontinue the study at any
time, e.g., if they could no longer remain without additional
medication. One patient’s plasma concentration displayed an
extreme triple-peak pharmacokinetic profile; therefore, the
subject was excluded.

Study 3

Study 3 included 10 healthy subjects who received six repeat-
ed doses of LD/CD microtablets: 75/18.75 mg as a morning
dose and then 45/11.25 mg every 2.4 h after the morning dose
(Table 1) [3]. Blood samples were collected 5 min prior to
each dose administration and then at 20, 40, 60, and 90 min
after intake.

Model development

Base model

The LD and CD models were developed separately and then
combined for the covariate analysis. Study 2 included patients
with advanced Parkinson’s disease, and despite instructions of
an overnight washout, all patients had detectible LD plasma
concentrations (average 0.59 ± 0.93, range 0.01–3.41μg/mL),
and eight patients had detectible CD plasma concentrations
(average 0.03 ± 0.02, range 0.002–0.066 μg/mL) prior to dose
administration. The pre-dose LD plasma concentration was
thus higher than the low baseline endogenous LD concentra-
tions reported in literature (0.0076 ± 6.4 μg/mL) [7, 8]. These
residual LD and CD concentrations were handled by estimat-
ing a typical pre-dose concentration with an associated inter-
individual variability and an elimination rate according to the
estimated individual terminal slopes (λ2) for LD and CD, re-
spectively [9].

Double-peak concentration-time profiles were observed in
both patients and healthy, both for LD and CD. In order to
describe these profiles, several different absorption models
were investigated. Parallel absorption compartments, assum-
ing the total amount to be fractionated into two separate dos-
ing compartments [10], were investigated with separately es-
timated lag times or transit absorption compartments [11],
with and without including a mixture model to account for
individual differences in the occurrence of double peaks.
Additionally, one empirical model and one semi-mechanistic
model describing the double-peak profiles for LD have been
previously published, and both approaches were also investi-
gated [12]. The empirical model includes two gastric empty-
ing parameter rates, while the semi-mechanistic model uses a
feedback mechanism acting via an effect compartment to link
the plasma concentration of LD to the rate of gastric emptying.
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One and two compartment disposition models were evalu-
ated, parameterized with apparent volume of central (VC/F)
and peripheral (VP/F) compartment, clearance (CL/F) and
inter-compartmental clearance (Q/F). Inter-individual vari-
ability was included assuming a log-normal or normal
(absorption-related parameters) distribution of structural mod-
el parameters.

The fraction administered (fa1) to the first dosing com-
partment was estimated on the logit transformed scale to
constrain the parameter between 0 and 1, assuming a nor-
mal distribution of the structural parameter. The fraction
administered to the second dosing compartment was given
by 1 − fa1.

The residual error model was parameterized as proportion-
al, additive, or a combined proportional and additive error
model. Since LD and CD were measured in the same sample,
their residual error might be correlated. This was handled by
estimating a part of the residual error as being shared between
LD and CD [13].

Covariate model

Bodyweight was included as a primary covariate on all dispo-
sition parameters according to the allometric power model,

Pθi ¼ TVPθ1 � WT
70

� �Pθ2

where Pθi is the individual parameter value (CL/F, Q/F, VC/F,
or VP/F), TVPθ1 is the typical parameter value for an adult of
70 kg, WT is bodyweight, and Pθ2 is an allometric
bodyweight exponent fixed to either 0.75 for CL/F and Q/F
or 1 for VC/F and VP/F [14].

Additional covariates included age, sex, study association,
Hoehn and Yahr score (HY, disease stage, set to 0 for healthy
subjects), CD dose, 3-O-methyldopa area under the curve (in-
cluding all measurements, calculated with the trapezoid meth-
od), time since symptom onset, time since diagnosis, and
years with LD treatment (Table 1).

As an initial step, all covariates were graphically analyzed
by plotting covariates versus the empirical Bayes estimates for
relevant LD and CD PK parameters (CL/F, VC/F, MTT, rela-
tive bioavailability (Frel), and fa1). The covariates that
displayed a correlation with a parameter were chosen for fur-
ther analysis.

The significance of the relationships were investigated using
the adjusted adaptive least absolute shrinkage and selection
operator (AALASSO) [15, 16], as implemented in PsN [17]
(version 4.7.0; Department of Pharmaceutical Biosciences,
Uppsala University). LASSO is a penalized regression method,
here used for covariate selection. In this method, a full covariate
model is used, where all covariates are standardized to have
zero mean and standard deviation one, and where the sum ofTa
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all parameter-covariate coefficients is restricted to be smaller
than a tuning parameter, t. The t value determines the size of
the model and is estimated through cross-validation, where the
dataset is split into, in this case, five groups. Model selection
and estimation is made on four of the five groups (pooled) while
the prediction error is calculated on the fifth group. This is
repeated five times, to give, for a certain t value, a cross-
validation estimate of the prediction error, where the appropri-
ate t value is the one with the lowest prediction error. In contrast
to the ordinary LASSO method, the AALASSO incorporates
the ratio of the standard error of the maximum likelihood (ML)
estimator to the ML coefficient as the initial weight and has
shown to have a better predictive performance with a low num-
ber of subjects and highly correlated covariates. The data split,
during cross-validation, was made on study association to pre-
serve the relative proportions in the cross-validation datasets.
The final covariates tested were CD dose on CL/FLD, age on
CL/FLD, CL/FCD, Frel,LD, HY on CL/FLD, CL/FCD, Frel,LD,
study association on CL/FLD, CL/FCD, Frel,LD, sex on
MTT2,CD (CDmean transit time between the second dose com-
partment and the central compartment), and years with LD
treatment on CL/FLD. The covariates were included according
to a linear covariate-parameter correlation:

Pθi ¼ TVPθ�
�
1þ Pθcoeff � COV−COV

� �� �

where Pθi is the individual parameter value, TVPθ is the
typical parameter, Pθcoeff is the corresponding coefficient
representing the fractional change in TVPθ, COV is the

covariate (0 or 1 for categorical covariates), and COV is
the mean of the covariate.

Carbidopa is known to act as a peripheral dopa decarbox-
ylase inhibitor, affecting the conversion of LD to dopamine.
This effect was also evident in the initial covariate analysis,
identifying the CD dose to have a significant effect on LD CL/
F. To further investigate the influence of CD plasma concen-
trations on LD parameters, the LD and CD models were com-
bined. In the combined model, the CD dose as well as the
individual model-predicted CD concentration was investigat-
ed to influence CL/FLD, with a linear (as described above) or a
non-linear covariate-parameter correlation:

Pθ ¼ TVPθ

1þ COV
Pθ;Inter

� �

where TVPθ is the typical value of apparent levodopa
clearance, COV is the covariate representing CD dose or CD
concentration, and PθINTER is the interaction factor
representing the potency of CD as a competitive inhibitor.
After investigating and including the effect of CD on LD
PK, the AALASSO was repeated.

Data analysis

The LD/CD measurements that were below limit of detection
(5.6%) were handled using the M6 method [18], where LOD/
2 is assigned to the first value and subsequent samples below
LOD were deleted. The population PK model was developed
using non-linear mixed effect modeling software NONMEM
[19] (version 7.3; Icon Development Solutions, Ellicott City,
MD, USA, 2009) using the first-order conditional estimation
method (FOCE) with INTERACTION and a user-defined
model (ADVAN6 NONMEM Subroutine). PsN [17] (version
4.7.0; Department of Pharmaceutical Biosciences, Uppsala
University) was used for running models, simulating data,
and testing covariate-parameter relations. R [20] (version
3.2.3; R Foundation for Statistical Computing) and Xpose
[17] (version 4.5.0; Department of Pharmaceutical
Biosciences, Uppsala University) were used for data manage-
ment and graphical evaluation.

Model evaluation

Models were evaluated by scientific plausibility, the objective
function value (OFV), goodness-of-fit plots, parameter preci-
sion, and prediction-corrected visual predictive checks
(pcVPCs, 1000 samples). The pcVPC was used to normalize
for variability in independent variables, e.g., dose and
bodyweight, in the graphical display of the predictive perfor-
mance of the model [21]. The OFV, which approximates − 2
log(likelihood) of the data given the model, was utilized in
likelihood ratio testing to compare nested models (signifi-
cance level 0.05, corresponding to ΔOFVof 3.84 for 1 degree
of freedom). Parameter uncertainty on model parameters was
calculated with the sampling importance resampling (SIR)
procedure [22]. The final levodopa model parameter estimates
were externally validated with data from an open-label,
multiple-dose microtablet study in ten healthy subjects
(Study 3) [3]. The data from this study was not used in the
model development, only for external model evaluation.

Results

Base model

The final base model for CD and LD was a one and two-
compartment model respectively, with parallel absorption
compartments including transit compartments describing ab-
sorption delay (ΔOFVof 995 and 240 for CD and LD respec-
tively compared to a model with a single absorption compart-
ment). The final parameter estimates are presented in Table 2.
The models were parameterized in terms of the fraction
absorbed from the fast absorption compartment (fa1), absorp-
tion compartment-specific mean transit-time (MTT1 and
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MTT2), volume of the central (VC/F) and peripheral (VP/F,
only of LD) compartment, clearance (CL/F), and inter-
compartmental clearance (Q/F, only for LD). The optimal
number of transit compartments were five and six for levodo-
pa, and three and ten for carbidopa. The residual error model
was a combined proportional and additive error model sepa-
rately estimated for the different drugs (CD and LD) and pop-
ulations (healthy volunteers and PD patients). For LD, the
additive error was estimated to a low value for PD patients
and therefore fixed to 0. When the LD and CD models were
combined, it was estimated that 28.5% of the total residual
error (proportional and additive combined) was shared be-
tween LD and CD. Inter-individual variability was estimated
for relative bioavailability (Frel), fa1, MTT1, MTT2, CL/F, and
VC/F (only for LD). The pre-dose concentration was estimated
to 0.12 and 0.026 μg/mL for LD and CD, respectively, both
associated with high inter-individual variability (180 and 90%
for LD and CD respectively).

Covariate model

Carbidopa dose was found to have a significant effect in the
initial covariate analysis, with a decrease in OFVof 24 when a
linear relationship was used and a decrease in OFVof 30 when
described with a non-linear relationship between carbidopa
dose and CL/FLD. The drop in OFV was less than 3.84, i.e.,
not significant, when individual model-predicted CD concen-
tration was added as a covariate on LD CL/F. The parameter
describing the interaction (INTERCL/F,LD-CDAMT) was estimat-
ed to 86.7 mg (Table 2), which results in a LD CL/F estimated
to 48.5 L/h with 50 mg CD and 40 L/h with 75 mg CD, for a
70-kg subject. The relationship should not be extrapolated
outside the dose range studied.

After including the effect of CD dose on LD CL/F, a final
covariate search was performed using the AALASSOmethod.
To reduce run-time, this step was performed on separate
models for CD and LD. For CD, the covariate-parameter re-
lations selected by AALASSO were age and HY on CL/F
(coefficients − 0.012 and 0.014 respectively) and sex on the
mean transit time for the second peak (MTT2,CD, coefficient
0.178). The CL/FCD was estimated to decrease by 28% be-
tween the age of 60 and 80 years. A disease progression from
HY 1 to 4 was estimated to result in a very modest and clin-
ically insignificant increase of 0.4%. The MTT2,CD was esti-
mated to be 19% (22 min) longer for women. The covariate-
parameter relations selected by AALASSO for LD were HY
on CL/F (coefficient − 0.062) and age on Frel,LD (coefficient
0.002). This suggests an 18% decrease in CL/FLD related with
a disease progression fromHY1 to 4. Although the increase in
Frel,LD with age was found to be significant, the effect was
very modest, with a decrease of 3.4% between the age 60 to
80 years. Finally, models with and without the inclusion of the
clinically significant parameter-covariate relationships

obtained from the AALASSO were re-estimated. Including
age on CL/FCD resulted in a drop in OFV of 24, and HY on
CL/FLD resulted in a drop in OFVof 7.4.

The observed and model-predicted individual plasma con-
centrations for the 36 subjects included during model devel-
opment are shown in the supporting material (Online
Resource 2). The concentration-time profiles, including the
double-peak phenomena, are well captured in the subjects
for both CD and LD.

The pcVPC, for the final models stratified by study associ-
ation, is shown in Fig. 1. The median plasma concentrations
for both populations were well captured; however, the early
LD peak plasma concentration is slightly overestimated for
the patient population. The final LD model was used for pre-
diction of data from an external dataset that was not used in the
model development process (Fig. 2). In accordance with the
procedure for Study 1 and 2, the total CD dose administered
during the study period was used to describe the CD/LD in-
teraction. The model predictions capture the observations rel-
atively well, especially at later time points. However, the mod-
el is over-predicting the observed LD concentrations in the
beginning of the study, indicating initial time-dependent
changes in LD PK, not optimally captured by the model

Discussion

The present analysis characterized the pharmacokinetics of
LD and CD when administered as dissolved microtablets to
PD patients and healthy subjects, and investigated the influ-
ence of CD dose and plasma concentration on LD pharmaco-
kinetic parameters as well as other covariate-parameter rela-
tionships to describe inter-individual PK differences.
Levodopa PK has previously been described with both one-
and two-compartmental models [23–25]. A two-compartment
model was found to provide the best description of LD in this
case (OFV reduced by 147.4 compared to a one-compartment
model). The estimated LD CL/F, with 95 mg of CD, for a
patient with HY stage 3, was here estimated to 34 L/h/70 kg,
which is close to the CL/FLD of 37 L/h/70 kg reported for
advanced PD patients where the majority (24/30) were at
HY stage 3 who also received individual doses of LD/CD
(mean CD dose of 96 mg) [26]. The total LD volume of
distribution (VTotal/F) was estimated to 90 L. Previously re-
portedVTotal/F varies between 39 to 131 L, probably reflecting
both variations in study population and analysis technique
[23, 24, 26, 27]. Carbidopa was best described with a one-
compartment model, where CL/F was estimated to 63 L/h and
VC/F to 168 L, corresponding to a half-life of 111 min for the
typical individual of 70 kg and 49 years of age.

The LD and CD model incorporates a description of the
double-peak profile that may occur with LD/CD administra-
tions. The mechanism behind the presence of double peaks is
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not entirely understood, but is theorized to occur due to me-
tabolized LD in the gastrointestinal tract, causing a cessation
in gastric emptying [28, 29]. The LD double-peak phenome-
non has to our knowledge previously only been modeled by
Ogungbenro et al. (2015). Their suggested semi-mechanistic
model was however supported by available scintigraphy data
and paracetamol PK data, and was too complex for the data on
hand, which when implemented resulted in unidentifiable pa-
rameters. The inclusion of parallel absorption compartments
was found as the most appropriate model for the description of
this phenomenon (Online Resource 2).

A non-linear decrease of CL/FLD was found with increased
carbidopa dose. The metabolism of LD mainly occurs during
first-pass metabolism [30], and an animal study suggested that
it occurs mainly in the intestine [31], which could be a reason

to why CD plasma concentration was not found to explain the
variability in CL/FLD. Jorga et al. (2000) [23] found increasing
levodopa dose to significantly decrease CL/FLD. Levodopa
was in that study co-administered with a dopa decarboxylase-
inhibitor (carbidopa or benserazide) in a 1:4 ratio. Further, a
non-linear increase in AUC of levodopa has been previously
described, when administered alone; however, the doses ad-
ministered were higher (between 3.8 and 15.4 mg LD/kg) than
in our study [31]. In our analysis, it is not possible to dissociate
if it is the dose of CD, LD, or a combination of both that causes
a decrease in CL/FLD, because all patients received both drugs
in a 1:4 ratio. It may be of interest to investigate whether
carbidopa could be given differently compared to today’s
1:10 and 1:4 formulations with oral levodopa treatment [32].
The external validation of the model was performed with data

Fig. 1 Prediction corrected visual predictive check (1000 samples) of the
continuous data for the LD/CD dispersible microtablets after covariate
model selection stratified on healthy volunteers and PD patients and LD
and CD. The solid line is the median of the observed data. The dashed
lines represent the observed 10th and 90th percentile of the observations.

The top and bottom light gray areas are the 5th and 95th confidence
intervals for 10th and 90th percentiles of the simulated data. The middle
dark gray area is the 5th and 95th confidence interval for themedian of the
simulated data
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from a multiple-dose study in healthy subjects, where patients
received lower doses LD/CD every 2.4 h [3]. The plasma con-
centration (Fig. 2) after first dose is slightly over-predicted by
the model. A reason for this could be that CL/FLD is adjusted
with the total administered CD dose, instead of a cumulative
amount over time.

For investigation of influential covariates, the AALASSO
method was chosen since it has shown to perform better with
small dataset andwith highly correlated covariates [16], which
was the circumstance in this case. The advantage of the meth-
od is that it tests all relationships simultaneously and does not
rely on a user-specified p value; however it may, as in this
case, add some covariates that only have a modest effect on
the parameter values. In the analysis, age, sex, and HY were
found to separately improve the prediction of the data. The
disease severity (HY stage) was in this analysis found to be the
most influential covariate affecting the apparent CL of LD.
Previous studies have found LD CL/F to be related to sex,
creatinine clearance, LD dose, and age [23, 33]. Hoehn and
Yahr score may in our analysis be a representation of a com-
bination of covariates (e.g., age and years with LD treatment)
all contributing to the total effect observed. The relative bio-
availability (Frel,LD) was here found to be slightly increased
with age (3.4% between the age 60 and 80 years). The effect is
probably not clinically relevant. For CD, age was identified as
a significant covariate on CL/FCD. The estimated half-life for
the mean age of the patient population (71.4 years) was
155 min, which is somewhat lower than the mean half-life
estimated with non-compartmental analysis (171 ± 37 min)
[6]. Sex was found as a significant covariate on MTT2,CD,
with the second plasma concentration-time peak appearing
22 min later for women. This indicates a slower gastric emp-
tying rate for women, compared to men. Such a sex-related
difference has been observed previously in studies where gas-
tric emptying has been specifically investigated [34, 35]. On
the parameters found to be influenced by covariates in the

graphical analysis (Frel,LD, CL/FLD and CL/FCD, MTT2,CD),
study association was included as a covariate on all but
MTT2,CD. Interestingly, it was not added on any of the param-
eters in the AALASSO, indicating other covariates to have a
higher predictive value.

It is important to note that both studies included in mod-
el development had few subjects and the data consisted
only of single-dose administration data. The results need
to be confirmed in a larger population study, mainly with
patients. For future development of the model, inclusion of
multiple-dose studies in patients should be added and the
model should be coupled with pharmacodynamic data,
assessed both by physicians and by patients with the
dose-dispenser diary, to ensure optimal dose suggestions
for individual patients.

In summary, a population PK model was developed that
adequately describe the PK of LD and CD, following LD/CD
microtablet administration in healthy subjects and Parkinson’s
disease patients. In our study, the covariates identified that
could have a clinical significance were CD dose and HY on
LD CL/F, and age on CD CL/F. The developed model may in
the future be used for individualized dose selection, utilizing
the flexibility offered by the microtablets.
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