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Abstract

Background and Objectives Lidocaine 5% medicated
plaster is the first lidocaine containing product for chronic
use. As no previous investigations have been conducted to
evaluate the population pharmacokinetics of long-term
exposure to lidocaine 5% medicated plasters, further
insights into the evaluation of the pharmacokinetic prop-
erties of lidocaine and its metabolites were needed for the
assessment of its safety.

Methods The population pharmacokinetic properties of
lidocaine and its metabolites were evaluated after multiple
applications of lidocaine 5% medicated plasters based on data
collected for up to 14.5 months from two phase III clinical
trials (up to 2.5 months in the first trial, and up to 12 months in
a follow-up trial) in post-herpetic neuralgia patients. Model-
ing was performed using nonlinear mixed effects as
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implemented in NONMEM® (nonlinear mixed-effect mod-
eling) v.5. A stepwise forward inclusion and backward elim-
ination procedure were used for covariate model building.
Results The model provides reliable estimates of the phar-
macokinetic behavior of lidocaine after medicated plaster
application. It was validated using simulations and showed
adequate predictive properties. Apparent Clearance was esti-
mated to be 48 L/h after application of two or fewer plasters,
whereas its value increased to 67 L/h after application of three
plasters. Model-based simulations predicted no accumulation
of lidocaine or any of its metabolites after long-term exposure
of three simultaneous plasters up to 1 year. The variability
explained by adding covariates into the model for the long-
term exposures of lidocaine following one plaster or three
simultaneous plaster applications was found to be very small
with respect to the overall between-subject variability.
Conclusions In conclusion, exposure to lidocaine after the
application of the lidocaine medicated plaster was found to be
primarily affected by the number of plasters simultaneously
applied, i.e., it increased with the number of applied patches,
but less than proportionally. No clinically relevant effect of
other covariates was found to affect the exposure to lidocaine or
its metabolites. As no accumulation was predicted by the
model, long-term exposure to lidocaine and its metabolites is
not expected to lead to any safety concerns in post-herpetic
neuralgia patients.

Key Points

Population pharmacokinetic modeling shows that
multiple applications of lidocaine 5% medicated
plasters affect lidocaine pharmacokinetic properties.

Exposure to lidocaine increases less than
proportionally with an increasing number of plasters.
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1 Introduction

Post-herpetic neuralgia is a nerve pain, typically confined
to one dermatome of the skin, following an infection with
herpes zoster. It is the most common complication of
herpes zoster [1] the incidence of which increases with age
[2-4]. The pain is often described as burning, throbbing,
aching, shooting, or stabbing, and may be constant or
intermittent, spontaneous, or evoked [1, 5]. The patient’s
quality of life is adversely affected [6, 7], with the condi-
tion often being underdiagnosed and undertreated [8].

Topical analgesic lidocaine 5% medicated plaster
(Versatis®, Griinenthal GmbH, Aachen, Germany) is a
hydrogel plaster containing 5% lidocaine. Each plaster
contains 700 mg lidocaine, and up to three plasters can be
applied simultaneously, but not overlapping, for up to 12 h
every 24 h. The plaster has been approved for the symp-
tomatic relief of neuropathic pain associated with a pre-
vious herpes zoster infection in 50 countries and in 12 of
these countries for the treatment of localized peripheral
neuropathic pain [9-11]. The broad level of clinical evi-
dence for its use in localized neuropathic pain has recently
been reviewed [12]. It has also been recommended as a first
line treatment, especially in frail and elderly patients when
there are concerns regarding side effects or safety of other
treatments [11].

The lidocaine 5% medicated plaster is easy to use and
does not require titration, in contrast to systemic medica-
tions. Its use is associated with good short- and long-term
tolerability and a low incidence of systemic adverse drug
reactions [13].

Lidocaine has a long history of use in humans. Initial
doses of 1.5 mg/kg within 2—4 min are given intravenously
up to three times within 1 h for the initial treatment of
ventricular arrhythmias. Infusions of 4 mg/min/70 kg are
administered for up to 24 h to maintain normal sinus
rhythm. Plasma concentrations of 1500-5000 pg/L are
reported for this dosing regimen. In clinical trials, contin-
uations of lidocaine infusions for several days have been
reported [14-16].

However, this therapy is not suitable for ongoing
chronic pain. Lidocaine 5% medicated plaster was, there-
fore, developed to provide a formulation that makes lido-
caine topically available to the dermal layers of the skin.
Further insights into the evaluation of the pharmacokinetic
properties of lidocaine and its metabolites were needed for
assessment of its safety, e.g., for use in patients with mild-
to-moderate cardiac or hepatic dysfunction.

Lidocaine is metabolized rapidly by the liver to a
number of metabolites, including monoethylglycinexyli-
dide (MEGX) and glycinexylidide (GX), both of which
have pharmacologic activity although with less potency
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than that of lidocaine [17]. These metabolites are further
metabolized to 2,6-xylidine. The amount of lidocaine sys-
temically absorbed from the plaster is related to both the
duration of the application and the surface of the body to
which it is applied. The penetration of lidocaine into intact
skin after application of lidocaine 5% medicated plaster is
sufficient to produce a local analgesic effect, but less than
necessary to produce loss of sensation and numbness.

The pharmacokinetics of lidocaine 5% medicated plaster
has been evaluated in healthy volunteers after the simul-
taneous application of four plasters for three consecutive
days changed every 12 or 24 h [18], after the simultaneous
application of four plasters for 18 h/day for three consec-
utive days [19] and after the simultaneous application of
three plasters for 12 h/day, repeated for three periods
which were separated by 12 h “rest period” [20]. In this
last study, systemic exposure of lidocaine and MEGX was
also assessed in acute herpes zoster patients and post-her-
petic neuralgia patients after the single application of three
plasters. In healthy subjects, mean C,,, after single
application was 128 £ 63 pg/L. (mean £ SD [standard
deviation]). Maximum lidocaine plasma concentrations in
patients with herpes zoster and patients with post-herpetic
neuralgia were substantially lower with 74 + 38 and
52 &+ 31 pg/L (mean £ SD), respectively. Based on this
study, when lidocaine 5% medicated plaster is used
according to the maximum recommended dose (three
plasters applied simultaneously for 12 h), about 3 & 2% of
the total applied lidocaine dose is systemically available
and similar for single and multiple administrations.

Population pharmacokinetics utilizes sparsely collected
drug concentration data to identify covariate effects of
pathophysiologic factors (e.g., body weight, excretory, and
metabolic functions) possibly requiring changes in the
dosing regimen [21].

Up to now, no population pharmacokinetic assessment
of the exposure to lidocaine and its metabolites after long-
term therapy with lidocaine 5% medicated plaster has been
performed. Given that lidocaine 5% medicated plaster is
the first lidocaine containing product for chronic use, fur-
ther insights into the pharmacokinetic properties of lido-
caine and its metabolites were needed for the assessment of
its safety.

The objectives of this study were to evaluate the pop-
ulation pharmacokinetic properties of lidocaine and
MEGX, GX, and 2,6-xylidine after application of lidocaine
5% medicated plaster based on data from two phase III
clinical trials in patients suffering from post-herpetic neu-
ralgia, to estimate the population exposure to lidocaine
after multiple plaster applications, and to explore the
influence of covariates on the exposure to lidocaine and its
metabolites.



Evaluation of the Population Pharmacokinetic Properties of Lidocaine and its Metabolites... 803

2 Materials and Methods
2.1 Materials

Medicated plasters were manufactured by Teikoku Seiyaku
Company, Japan.

Each plaster contained 700 mg lidocaine as the drug
substance, and methyl-parahydroxybenzoate and propyl-
parahydroxybenzoate as preservatives in an aqueous base.

The lidocaine 5% medicated plaster comprised an
adhesive material containing lidocaine applied at 5 mg/cm?
to a non-woven polyester felt backing and covered with
embossed film. The plasters measured 14 cm x 10 cm.
Each gram of adhesive in lidocaine 5% medicated plaster
contained lidocaine 50 mg, in a base of purified water,
glycerol, p-sorbitol, sodium polyacrylate, sodium car-
boxymethylcellulose, propylene glycol, urea, polyacrylic
acid, kaolin, tartaric acid, gelatin, polyvinyl alcohol, dihy-
droxyaluminum aminoacetate, disodium edetate, methyl-
parahydroxybenzoate, and propyl-parahydroxybenzoate.

2.2 Trials

Two trials contributed patients to this investigation:

The first trial [22] was a double-blind, multicenter,
multiple-dose, enriched-enrolment, randomized-with-
drawal, parallel-group phase III trial with lidocaine 5%
medicated plaster and corresponding placebo plaster in
patients suffering from post-herpetic neuralgia. The trial
was designed as an enriched-enrollment, randomized-
withdrawal trial consisting of an open-label run-in phase
of 8 weeks followed by a withdrawal phase of up to 2
weeks. The trial included male and female patients aged
50 years and older, suffering from post-herpetic neuralgia
and having an average pain intensity (during last week
prior to screening and enrolment visit) of at least 4 on the
11-point numeric rating scale (NRS; scale of 0-10). Post-
herpetic neuralgia was defined as neuropathic pain per-
sisting for at least 3 months after healing of a herpes
zoster skin rash.

The second trial [23] was an open-label, multicenter,
multiple-dose, phase III long-term trial of 12 months with
lidocaine 5% medicated plaster in patients aged 50 years
and older suffering from post-herpetic neuralgia. Patients
were offered the option of entering this second trial if
they had completed the first trial or when enrolment in the
double-blind withdrawal phase of the first trial was
stopped, because the planned number of 70 randomized
patients was attained. Once the randomized-withdrawal
trial had been completed, other patients were allowed to
enter the second trial directly to reach a planned number

of approximately 100 patients with treatment over a per-

iod of at least 6 months to fulfill regulatory requirements.
Both trial protocols were approved by regional ethics

committees and competent national authorities.

2.3 Patients

The patient population included in this pharmacokinetic
analysis consisted of patients for whom at least one con-
centration of either lidocaine, MEGX, GX, or 2,6-xylidine
was available with the appropriate dosing and sampling
history. The pooled pharmacokinetic database included 212
patients with contributing pharmacokinetic information.
The demographic characteristics of the patients in the
pooled pharmacokinetic database are given in Table 1.

2.4 Drug Administration

In the first trial, patients applied the lidocaine 5% medi-
cated plasters for up to 10 weeks. The plasters were applied
topically. Patients could apply up to three plasters at a
time. They had to wait for at least 12 h before it was
allowed to apply further plasters. The maximum applica-
tion duration for each plaster was 12 h.

In the second trial, patients applied the lidocaine 5%
medicated plaster for a maximum of 12 months. The
patient could apply the plasters during the day or night, but
only for a maximum of 12 h during a 24-h period.

Table 1 Demographic characteristics of the patients in the pharma-
cokinetic population

Characteristics Male Female All
N=093 N=119 N =212
Age (years)
Median 72 73 72
Min 53 45 45
Max 90 92 92
Weight (kg)
Median 80 68 72.5
Min 47 38 38
Max 114 110 114
Height (cm)
Median 174 161 165
Min 150 142 142
Max 189 178 189
Body mass index (kg/m?)
Median 26.2 26.3 26.3
Min 16.5 13.5 13.5
Max 34.8 44.6 44.6

Min minimum, Max maximum, N number of subjects
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2.5 Blood Sampling

A sparse sampling scheme was used to lessen the burden
on the patients. Blood samples were drawn for the evalu-
ation of systemic exposure to lidocaine and its metabolites
on up to five occasions per patient in each of the trials.

In the first trial, blood samples were taken during
enrolment without medication, at week 1, week 4, and
week 10 with the plaster in situ, and at week 8 with and
without the plaster in situ.

In the second trial, blood samples were taken at week
12, week 26, and week 42 with the plaster in situ, and at
week 52 with and without the plaster in situ. An additional
sample was taken at enrolment for patients not recruited
from the first trial.

Blood samples were handled as follows: approximately
40-60 min after collection, the blood samples were cen-
trifuged at 3500—4000 rpm at 18 °C for 5 min. The serum
was transferred into a fresh uncoated serum tube with a
volume of about 4 to 5 mL and stored at or below —17 °C
until shipment to a central laboratory on dry ice.

Concentration data were available from 212 patients
comprising 1989 concentrations (Table 2, number of
plasters versus observed lidocaine concentrations).

2.6 Bioanalysis

The concentrations of lidocaine and its metabolites MEGX,
GX, and 2,6-xylidine were determined in serum samples
after ultrafiltration by a validated liquid chromatography-
tandem mass spectrometry (LC-MS/MS) method at A&M,
Labor fiir Analytik und Metabolismusforschung Service
GmbH, Kopernikusstrasse 25, 50126 Bergheim, Germany.
Quantification was performed using an internal standard
method. Calibration of lidocaine in human serum was per-
formed in the range of 0.500-300 ng/mL. Calibrations of
MEGX and GX were performed in the range of 0.500-300 or
150 ng/mL and of xylidine in the range of 0.500-300 and

Table 2 Number of
concentrations

plasters  versus  observed lidocaine

Number of plasters ~ Number of observed concentrations of:

Lidocaine = MEGX GX 2,6-xylidine
A 3 3 3 3
1 132 117 116 129
2 223 0 0 1
2P 1 208 214 229
215 1 2 2 0
3 153 144 1450 158
Sum 513 474 480 522

MEGX monoethylglycinexylidide, GX glycinexylidide
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108 ng/mL. The lower limit of quantification (LLOQ) for all
four analytes was approximately 0.500 ng/mL.

The calculated inter-assay accuracy and inter-assay
precision of the calibration and quality control samples
were within the accepted ranges for bioanalytical methods.

2.7 Population Pharmacokinetic Modeling Analyses

Pharmacokinetic data were evaluated by means of a pop-
ulation pharmacokinetic modeling approach as imple-
mented in the NONMEM program (v.5 level 1.1) with
visual NM as the Windows interface and the Digital Visual
Fortran v5.0 compiler. Data handling for representation
and summary statistics was performed using SAS v8.2, and
graphs were made with SigmaPlot v8.

The modeling strategy of this study included two
sequential steps: first, a base structural model for the con-
centrations of lidocaine and its metabolites was developed;
this model was subsequently followed by a covariate model
development and final model selection by covariate forward
inclusion and backward deletion from the full model.

2.7.1 Model Assumptions

All parameters were assumed to be log-normally dis-
tributed as given in

0; = Oty exp(n;), (1)
where

e (; is the estimated parameter value for individual i.

e Oy is the typical population value (geometric mean) of
the parameter.

e 1, is the inter-individual variability (IIV) which is
assumed to follow a normal distribution with mean of
zero and variance of w?.

The magnitude of IIV was expressed as coefficient of
variation (%CV), which was approximated by the square
root of the variance estimate.

The residual error model was described by an additive
error model as in

Cyj = Cyj + &aij, (2)
where

e (j; is the jth measured observation in individual i.

. C‘,j is the jth model-predicted value in individual i.

® &, is the additive residual random error for individual i
and measurement j and it is assumed to be normally
distributed with mean of zero and variance of 2.

Alternative error models, such as proportional and
combined error models, were also tested during model
development.
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2.7.2 Criteria for Model Selection

Pre-defined criteria were used to select a model among
possible models. Successful minimization runs were nee-
ded, and goodness-of-fit plots were produced, including
population and individual predictions versus observations,
weighted residuals versus population predictions and ver-
sus time post-dose.

The addition of a pharmacokinetic parameter was based
on the decrease of the objective function: for one additional
parameter, the decrease was to be at least 3.84, which
approximates a p < 0.05, assuming a > distribution of the
objective function value (OFV), i.e., —2log (likelihood).

2.7.3 Structural Pharmacokinetic Model

Model construction started by fitting lidocaine and 2,6-xy-
lidine data first. Once an acceptable structural model had been
established for these analytes, two additional compartments
were added to accommodate the two additional metabolite
concentrations. The selection of the rate constants connecting
compartments was initially guided by the known metabolic
pathways. The best model for the four analytes with statistical
components describing inter-individual variability and resid-
ual error constituted the base structural model.

2.7.4 Inclusion of Covariates

Extensive exploratory analysis of the variables selected as
potential covariates was performed using summary statistics,
plots of correlation, and histograms of their distribution. The
covariate selection was performed with NONMEM using the
Likelihood Ratio Test. Once the base model had been iden-
tified, each covariate was introduced separately in the model
and its effect on the OFV determined its significance: a
decrease of the OFV of at least 3.84 was required for one
additional parameter to be declared significant (p < 0.05).
The selected covariate effects were ranked according to the
decrease in OFV they caused. The model was then expanded
by including identified significant covariate effects, one after
the other, starting with the strongest (largest change in OFV
[AOFV]). Each model extension was tested according to the
acceptance criteria and the Likelihood Ratio Test (p < 0.05).
These steps lead to the most complex model, the full model,
which was subsequently tested for redundancies by remov-
ing covariate effects one at the time starting with the weakest,
i.e., using backward deletion. Effects were declared redun-
dant and removed from the model according to the Likeli-
hood Ratio Test at p < 0.01 or AOFV < 6.63.
The effect of the following covariates was tested:

e Total bilirubin (BIL) and cardiac insufficiency on
volumes of distribution.

e Age, weight, height, sex, trial, systolic and diastolic
blood pressure, body mass index (BMI), lean body
mass, body surface area, body fat, and smoking status
on all model parameters.

e Creatinine clearance (CLcgr) and heart rate on absorp-
tion and elimination.

e Agpartate transaminase (AST), alanine transaminase
(ALT), creatine kinase (CK), lactate dehydrogenase
(LDH), total BIL, gamma-glutamyltransferase (gamma-
GT), concomitant medication, serum creatinine, and
urine pH on elimination.

The effect of concomitant medications, such as atenolol
(ATEN), a cytochrome P450 1A2 (CYP1A?2) substrate, and
metoprolol and beta-blockers, as separate group, was
explored to test their potential influence on any of the
pharmacokinetic parameters. Concomitant medication was
expressed as binary data (concomitant medication yes or
no). The laboratory safety parameters were used as
dichotomous covariates.

The influence of binary covariates, e.g., concomitant
medications, on the typical population value of a parameter
(O1v), was modelled as follows:

HTVZHI XCOV+92X (] —COV), (3)

where 0; represents the parameter value in subjects
receiving concomitant medication and 0, is the parameter
value in subjects not receiving the concomitant medication.
The use of a concomitant medication was coded as 1 for the
subjects who received it and as O for the subjects who did
not receive it.

2.7.5 Model Evaluation

Any deviation from the model selection and acceptance criteria
was discussed. Goodness-of-fit plots were produced, including
population and individual predictions versus observations,
weighted residuals versus population predictions and versus
time post-dose, on linear and logarithmic scales. For the final
model, the distribution of the random effects around O and
potential correlations between them were checked.

The fixed-effect parameters were reported associated
with a 95% confidence interval obtained from the NON-
MEM reported standard error of the estimates (SEE) and
the population value of that parameter, 0 £+ 1.96 x SEE.
To evaluate the performances of the model in predicting
lidocaine and metabolites concentrations, the final model
was subjected to the predictive performance check (PPC).

Three subsets of concentration—time data were produced
for each analyte:

1. Time class 1: time after start of treatment <2000 h.
2. Time class 2: time after start of treatment from 2000 to
<8000 h.
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3. Time class 3: time after start of treatment >8000 h.

For estimating the predictive performance of the model,
200 replicates of the data subsets were simulated using
NONMEM. The simulated concentrations stored in the
dependent variable array were uploaded into an SAS data
set to derive, for each observed concentration, i.e., each
analyte at any one time point, the 5th and 95th percentile of
the simulated data.

For each subset, the number and percentage of observed
concentrations within this predicted 90% range were cal-
culated. The model passed the check when about 90% of
the observations fell within the range.

In addition, the predictive power of the model was
assessed by mean of a visual predictive check (VPC). The
VPC was based on the simulations obtained from the final
model (n = 500). The results of the visual predictive check
were summarized graphically.

2.7.6 Simulations

To interpret the effect of dose (dose proportionality), phar-
macokinetic (PK) covariates (subgroups of subjects), and time
in the trial (accumulation), the final model was used to per-
form population predictions and Monte Carlo simulations of
the lidocaine population exposures. Under the assumption that
the plasters released drug at a constant rate as described for the
population pharmacokinetic analysis, simulations were per-
formed for the first day, the fourth day, and for 1 year of
treatment upon application of one plaster or upon the simul-
taneous application of three plasters. The plaster or plasters
were applied for only 12 h in each 24 h dosing interval.

The parameter estimates of the final model were used
for the simulations. NONMEM was used to simulate the
virtual data ($SIM ONLY). R 3.0.1 was used to read the
simulated data sets to derive percentiles of the distributions
and to export percentiles as comma separated values (csv)
files. Figures presenting the simulated systemic exposure
were generated with R 3.0.1.

2.7.7 Assumptions

The following assumptions were applied throughout the
analysis:

1. Lidocaine 5% medicated plasters were assumed to
deliver lidocaine at a constant rate (i.e., 1800 pg/h).

2. Missing covariate data per patient was replaced by the
mean of the missing covariate in the specific subgroup.

3. Values for covariates were constant over the entire
observation time.

4. If the number of concentrations below the limit of
quantification (LOQ) was <10%, then measurements
of concentrations below LOQ were set to Y2 x LOQ.
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5. All co-medications, independent of start or stop dates,
were assumed to be in use throughout the observation
period of the trial.

3 Results

Modeling started with the development of a structural
model. The primary aim of the structural model was to
adequately describe the likely concentrations to be
observed after application of up to three simultaneous
plasters onto the skin in the target population while
incorporating some aspects of the known or hypothesized
pathways of lidocaine metabolism [24].

This model is a linear model of four compartments, one
for each chemical entity. The ADVAN 5 subroutine in
NONMEM, which implements a user-defined general lin-
ear model, was used.

Since lidocaine metabolites were not administered alone
and the true fraction of lidocaine converted to its
metabolites is unknown, the fraction of lidocaine converted
to its metabolites and the apparent volume of distribution
of the metabolites are unidentifiable in the model. Hence,
the apparent volumes of distribution of the metabolites
were fixed to an arbitrary value (100 L) [25, 26].

Inter-individual variabilities were tested and added on
the apparent volume of distribution of compartment 1 (li-
docaine), V|, the elimination rate constant of compartment
3 (GX), k3p, and the elimination rate constant of com-
partment 4 (2,6-xylidine), k49. The inter-individual vari-
ability was best described by the exponential model, and
the residual error structure was best described by an
additive error model. Residual error represents the differ-
ences between the observed and individual-predicted con-
centrations, and included within-patient variability, assay
errors, and model misspecification errors. The base model
was evaluated by means of goodness-of-fit plots and PPCs.
The PPCs demonstrated that the base model-predicted
concentrations of lidocaine and its metabolites equally
well. It was, therefore, decided to proceed with covariate
selection and to develop a full model.

The first expansion of the base model investigated the
influence of trial design parameters (DLVL = Dose
level, i.e., number of plasters applied simultaneously,
TIME after start of treatment, and FORM, a binary
covariate identifying the two trials combined in the data
set) on the pharmacokinetic parameters affected by inter-
individual variabilities. Among them, the effect of DLVL
>2 on k3o and on V| was the strongest. The influence of
DLVL can be interpreted as a decrease of systemic
bioavailability when the dose, i.e., the number of plas-
ters, increases.
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Several covariates were tested on the same pharma-
cokinetic parameters for which inter-individual variabili-
ties were estimated and they included body size, age,
enzyme activities, renal, hepatic, cardiovascular status, and
information on co-medication.

During the forward inclusion, the following covariates
were found significant: DLVL on V;, ATEN, BIL, DLVL,
ALT, CYP1A2 substrate, CLcr, BMI on k30, and LDH and
ALT on k4. During the backward deletion, only ATEN
was found of no significance in the final model. The DLVL
on k3, was still found to have the strongest influence on the
OFV among all covariates.

CLcr was found to be at the limit of statistical signifi-
cance (AOFV = 6.72). Since CLcr, however, describes
the relationship between excretion of GX and kidney
function, which naturally decreases with increasing age,
the parameter was kept in the final model.

The model did not detect any change in pharmacokinetic
parameters when the duration of the treatment increased.

The estimates of between-subject variability (CVs)
associated with k3, k40, and V| were 62.4, 44.7, and 55.9%,
respectively. After inclusion of PK covariates, the
between-subject variability has decreased by 17.5% for k3,
8.3% for k4o, and increased by 4.4% for V, from the base
model. The residual error on each of the four analytes has
decreased only moderately between the base and the final
model, mainly for GX concentrations.

The resulting final model is depicted in Fig. 1, and
Table 3. Parameter estimates of the final model lists the
parameter estimates.

MEGX GX
k23 k30 B
V, =100 fix V;=100fix | g,
k2 Clcr
N N 2 3 | cve1az susstrate,
lidocaine Ml
ALT,
Vi DLVL
oLvL 1
ki 2,6-xylidine
Kao
V, =100 fix LOH,
4 ALT

Fig. 1 Graphical representation of the final model. ALT alanine
transaminase, BIL bilirubin, BMI body mass index, CLcx creatinine
clearance, DLVL dose level, i.e., number of plasters applied
simultaneously, GX glycinexylidide, k3 first-order rate constant from
compartment 3 to the outside, k4o first-order rate constant from
compartment 4 to the outside, kj, first-order rate constant from
compartment 1 to compartment 2, k4 first-order rate constant from
compartment 1 to compartment 4, k,3 first-order rate constant from
compartment 2 to compartment 3, LDH lactate dehydrogenase,
MEGX monoethylglycinexylidide, CYPIA2 substrate substrate of
cytochrome 1A2 isozyme, V; volume of distribution of compartment
1, V, volume of distribution of compartment 2, V3 volume of
distribution of compartment 3, V4, volume of distribution of
compartment 4

As the table shows, the factor which mostly affects
lidocaine pharmacokinetics is the number of plasters
applied simultaneously. The model predicts less exposure
than predicted from linear kinetics, affecting the volume of
distribution of lidocaine and the rate constant of elimina-
tion of the metabolite GX.

The apparent volume of distribution of lidocaine is
about 19 and 26 L/kg (assuming a typical subject of 70 kg)
after the application of two or fewer plasters and after the
application of three plasters, respectively.

The final model was evaluated by means of goodness-
of-fit plots. As shown in Fig. 2, no particular bias can be
detected in the model. The outliers (points outside the +2
interval) visible in Fig. 2c were kept in the final model.

The results of the PPC of the final model indicate that
there is no difference in the model performance for different
time periods after initiation of therapy and the model predicts
all four types of concentrations equally well, as displayed in
Table 4, predictive performance check (PPC) of the final
model. About 90% of observations lie within the 5th to 95th
percentile range of the simulated predictions.

The predictive power of the model was assessed by
means of VPC (Fig. 3). As shown in the figure, the model
is able to capture the general trend of the data adequately,
although it slightly overestimates the median. The upper
bound of the 90% prediction interval appears to be very
well defined.

To elucidate the effect of the dose on the exposure, i.e.,
the effect of a decrease in systemic bioavailability when
the dose (the number of plasters) increases, simulations of
lidocaine population concentrations were performed for the
first day and the fourth day of treatment, after application
of 1 or three plasters, in 500 individuals. Plaster adminis-
tration duration was assumed to be 12 h. The results are
displayed in Fig. 4. As shown in the figure, according to
the final pharmacokinetics model, maximum serum con-
centrations (Cy,,x) increase less than proportionally to the
dose level. Table 5 summary of the simulated values of
Cnax after the first and fourth doses of treatment with one
plaster, or three medicated plasters displays the summary
statistics of the simulated C,,,, values.

Simulations were also performed to quantify the effects
of pharmacokinetic covariates. For this purpose, Monte
Carlo simulations of the time course of concentrations over
a 24-h dosing interval with the application of one and three
lidocaine plasters were made for a population of 200 sub-
jects not affected by the pharmacokinetic covariates co-
administration of CYP1A2 substrates and by laboratory
safety parameters from the 30th percentile, compared to
200 subjects with pharmacokinetic parameters affected by
pharmacokinetic covariates.

Figure 5 shows percentiles of the population without
affecting covariates (in different shades of grey),
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Table 3 Parameter estimates of the final model

Parameter

Estimate

SEE

95% CI

Fixed effects

kin (h™h Fixed to 0.03
kys (A7) 1.93
ki (h7h Fixed to 0.007
k3o (h™1) for DLVL <2 1.44
kso (h™) for DLVL >2 2.07
Effect of BIL >0.53 on k3o (h™") —0.526
Effect of CLcg <52.7 on ksg (h™h) —0.32
Effect of CYP1A2 substrate on k3q (h_l) 0.852
Effect of BMI >27.9 on k3o (h™") 0.938
Effect of ALT >11 on k3o (h™") —0.492
kao (h™") for LDH <195 0.667
kao (W) for LDH >195 0.41
Effect of ALT >11 on k4o (h™1) 0.229
V; (L) for DLVL <2 1320
V; (L) for DLVL >2 1810

Va, V3, V4 (L)
Between-subject variability (IIV)

Proportional on

Fixed to 100

k3o 0.39
kao 0.2
Vi 0.312
Residual error model
Additive for
Lidocaine 364
MEGX 53.3
GX 479
2,6-xylidine 6.39

Not applicable

Not estimated

0.175 (1.59; 2.27)

Not applicable Not estimated
0.169 (1.115 1.77)
0.278 (1.53; 2.61)
0.148 (—0.816; —0.236)
0.166 (—0.645; 0.005)
0.27 (0.323; 1.381)
0.309 (0.332; 1.544)
0.193 (—0.87; —=0.114)
0.0383 (0.592; 0.742)
0.0614 (0.29; 0.53)
0.0975 (0.038; 0.420)
99.5 (1124; 1515)
184 (1449; 2170)

Not applicable

Not estimated

CV%
0.127 (0.141; 0.639) 62.4
0.0424 (0.117; 0.283) 44.7
0.0757 (0.164; 0.46) 55.9

SD (pg/L)
81.30 (204; 523) 19.1
12.50 (28.8; 77.8) 73
23.80 (1.2; 94.5) 6.9
1.41 (3.63; 9.15) 25

BIL bilirubin (umol/L), BMI body mass index (kg/mz), CLcr, creatinine clearance (mL/min), CI confidence interval, CV coefficient of variation,
CYPIA?2 substrate substrate of cytochrome 1A2 isozyme, DLVL dose level, i.e., number of plasters applied simultaneously, GX glycinexylidide,
ko first-order rate constant from compartment # to the outside, k,,,, first-order rate constant from compartment n to compartment m, LDH lactate
dehydrogenase (U/L), MEGX monoethylglycinexylidide, SD standard deviation, SEE standard error of the estimate, ALT alanine transaminase

(U/L), V,, volume of distribution of compartment n, /IV intra-individual variability

superimposed with continuous lines representing the same
percentiles for the population with covariates affecting the
pharmacokinetics. In the figure, it can be seen that the
influence of subject factors is very modest that the change
in exposure is very small and much smaller than between-
subject variability.

The effect of time in the trial was also assessed by
means of simulations. The simulated population exposure
of lidocaine and its metabolites after the application of
three plasters simultaneously to subjects without the
influence of covariates for the first 8 days of treatment and
after one year (Fig. 6) indicates that steady-state conditions
are reached for lidocaine and its metabolites on the fourth
day of treatment and that no accumulation is predicted
afterwards.
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4 Discussion

In the current analysis, a parent-metabolite model able to
describe the pharmacokinetics of lidocaine and its
metabolites after long-term application of up to three
lidocaine 5% medicated plasters for a maximum period of
12 h in post-herpetic neuralgia patients has been devel-
oped. Up to now, this is the first model-based evaluation of
long-term exposure to lidocaine 5% medicated plaster.
The results of this model-based analysis confirm previ-
ous findings on the low bioavailability of lidocaine after
topical application. Given the model-based estimate of
apparent volume of distribution after the application of
three plasters (26 L/kg) and the reported volume of dis-
tribution after intravenous administration (1.3 L/kg) [27], it
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Fig. 2 Lidocaine goodness-of- a b

fit plot for final model g .
’ ° e

(a) population predicted
concentrations of lidocaine vs.
observations; (b) individual-
predicted concentrations of
lidocaine vs. observations; and
(¢) conditional weighted
residuals vs. time. The red line
represents the identity line, and
the blue line represents the
smooth line. CWRES
conditional weighted residuals,
DV dependent variable, PRED
population predicted
concentrations, IPRED
individual-predicted
concentrations
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Table 4 Predictive performance check (PPC) of the final model

$000 10000
TIME

15000

T T
150 200

Objective of the PPC Analyte Number of observations Number of observations % observations
within 5th to 95th percentile within range
range of simulations

Predict concentrations Lidocaine 137 134 97.8

After any dose for MEGX 128 123 96.1

TIME <2000 h GX 129 123 95.4

2,6-xylidine 145 136 93.8

Predict concentrations Lidocaine 216 203 94.0

After any dose for MEGX 200 188 94.0

2000 < TIME < 8000 h GX 201 186 92.5

2,6-xylidine 217 204 94.0

Predict concentrations Lidocaine 160 150 93.8

After any dose for MEGX 146 132 90.4

TIME >8000 h GX 150 143 95.3

2,6-xylidine 160 146 91.3

GX glycinexylidide, MEGX monoethylglycinexylidide
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Fig. 3 Visual predictive check
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was possible to compute the apparent systemic bioavail-
ability after the application of three plasters based on the
following equation:

F = Viv/Vrop, (4)

where Vrop is the apparent volume of distribution after the
topical application of the plaster, Vv is the volume of
distribution after intravenous administration, and F is the
apparent systemic bioavailability of lidocaine after topical
application of the plaster.

Based on our model, the apparent systemic bioavail-
ability for lidocaine after the application of three plasters
is 1.3-26 L/kg = 0.05, i.e., 5%, which is consistent with
the reported value of 3 + 2% from a previous study [20],
and which confirms the low extent of absorption of
lidocaine into the systemic circulation from the plasters.
We are aware that the values of volume of distribution
used in this calculation derive from different studies and
different patient groups; therefore, this should be con-
sidered as an approximation of the level of systemic
bioavailability after the application of lidocaine 5%
medicated plaster.

One of the main findings of our investigation is the fact
that the apparent clearance of lidocaine is dependent on the
number of plasters applied simultaneously. Based on the
final parameter estimates, the apparent total clearance of
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the drug from plasma after dermal administration (CL/F)
could be calculated based on the following equation:

CL/F = V/F x Ku, (5)

where K, is the elimination rate constant of lidocaine after
dermal administration.

As the apparent volume of distribution was found to be
1320 L after the application of two or fewer plasters and
1810 L after the application of three plasters and lidocaine
K. was estimated at 0.0037 h™! (sum of k, and ky4), the
apparent clearance was computed as 48.8 L/h after the
application of two or fewer plasters and 67.0 L/h after the
application of three plasters.

The effect of dose on the exposure has been further
investigated by means of simulations. As shown in Fig. 4
and Table 5. Summary of the simulated values of C,ax
after the first and fourth doses of treatment with one
plaster, or three medicated plasters, the maximum con-
centrations of lidocaine clearly increase less than propor-
tionally to the dose level and remain well below the level
associated with toxicity (>6000 pg/L). These findings
confirm the safe profile of lidocaine 5% medicated plaster
when more than two plasters are applied simultaneously.

Several covariates were tested in this population phar-
macokinetics analysis. DLVL, BIL, ALT, CYP1A2 sub-
strate, CLcr, and BMI were found to be statistically
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significant. In a population pharmacokinetic analysis, it is
crucial to assess if the covariates found to be statistically
significant in the final model are also clinically relevant,
i.e., if a dose adjustment based on these covariates needs to
be considered. In the current model, the effect of BMI on
the elimination half-life of GX, k3o, indicated a modest
decrease for patients with a BMI >27.9 kg/m?, which could
not be explained by any physiological mechanism. Anal-
ogously, when patients are treated with concomitant sub-
strates of the CYP1A2, the model predicts a decrease of the
elimination half-life.

Theoretically, given the involvement of CYP1A2 in
lidocaine’s metabolism, this effect could be explained by
the assumption that the concomitant substrate is a strong
enzyme inhibitor.

However, the confidence interval for the effect of
CYP1A2, as well as for the effects of LDH and ALT, was
found to be quite large. Therefore, these effects might be
due to spurious effects emerging from a large number of
tests, rather than to a real biological explanation. To assess
whether these covariates might indeed be clinically rele-
vant, Monte Carlo simulations of the time course of con-
centrations over a 24-h dosing interval with the application
of lidocaine plasters were performed for a population of
subjects not affected by the pharmacokinetic covariates,
compared to subjects with pharmacokinetic parameters
affected by pharmacokinetic covariates (Fig. 5).

Clearly, the influence of subject factors is very limited
and the change in exposure is very small and much smaller
than between-subject variability. Based on this finding, no
dose adjustment of dermal lidocaine might need to be
considered for specific patient subgroups.

A previous investigation on lidocaine 5% medicated
plaster [20] indicated that no accumulation of lidocaine
was observed after repeated doses for up to 3 days, while
some accumulation of the MEGX metabolite was observed
from day 1 to day 2. In our study on lidocaine 5% medi-
cated plaster, for the first time, long-term exposure to
lidocaine plaster has been evaluated. The present data
extend up to 18 months of treatment for some subjects and

Table 5 Summary of the

Mean Median SD 90% CI Min Max

simulated values of C,,.. after
the first and fourth doses of One plaster
treatment with one plaster or First dose 15.94 13.17 9.81 5.52-34.55 2.92 72.25
three medicated plasters

Fourth dose 26.30 21.74 16.19 9.57-57.03 4.83 119.30

Three plasters
First dose 34.05 29.17 23.03 11.64-75.35 5.88 269.70
Fourth dose 56.20 48.14 38.02 19.22-124.36 9.70 445.20

Unit is pg/L

Cmax maximum concentration, CI confidence interval, Min minimum, Max maximum, SD standard

deviation
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Fig. 5 Simulated exposure to lidocaine of typical subjects: (a) expo-
sure after 1 year of treatment with one plaster applied for 12 h every
day and (b) exposure after 1 year of treatment with three plasters
applied for 12 h every day. Solid black lines indicate 5th, 25th, 50th,
75th, and 95th percentiles of subjects with covariates

up to 1 year for most subjects. Based on our model-based
simulations, steady-state conditions are reached at the 4th
day of treatment and no accumulation is predicted after
steady state is reached for lidocaine or for any of its
metabolites (Fig. 6). Furthermore, the duration in the trial
was shown not to affect any pharmacokinetic parameter
with inter-individual variability, i.e., Vi, k3p, and k4. The
investigation from Gammaitoni et al. [19] revealed that
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steady-state plasma conditions were achieved within
3 days of application of four plasters for 18 h/day in
healthy volunteers. In our study, steady-state conditions
might have been achieved slightly later given the different
study population.

4.1 Limitations

The sparse nature of the data available in this investigation
did not support the simultaneous estimation of the covari-
ate effects and of the rate constants of biotransformation of
lidocaine into MEGX (k,) and into 2,6-xylidine (ki4) in
the full model. To avoid high correlations among param-
eter estimates, ki, and k4 were fixed to values similar to
those estimated during covariate forward inclusion (0.003
and 0.007 h™', respectively). Since in a sensitivity analysis
which was conducted to estimate the effect of changing the
values of these parameters all the runs converged without a
change in objective function, the modeling option of using
fixed values for ki, and k;4 was accepted.

The VPC in Fig. 3 shows that the model slightly over-
estimates the median of lidocaine concentrations. As the
focus of our analysis is on the potential safety concerns due
to lidocaine exposure, we believe that the model overesti-
mation does not impact the conclusion of our analysis on
lidocaine safety profile.

We are aware about the presence of additional vari-
ability which cannot be explained by the inter-individual
variability in our model. As shown in Fig. 2b (correlation
between individual predictions and observations), some
values appear not to be uniformly distributed along the line
of identity, which could also be interpreted as an indication
that the model was not “over fitted” and that shrinkage is
between acceptable boundaries. The unexplained variabil-
ity can be due to several factors, i.e., topical administration
and compliance issues linked to unsupervised plaster
applications. Despite such limitations and taking into
account the complexity of long-term applications, the
sparse nature of the data and that only the parent drug but
not the metabolites could be dosed, we believe that the
current model is able to describe reasonably well both
parent and metabolite data.

5 Conclusions

The data collected in 212 subjects with post-herpetic neu-
ralgia treated with lidocaine 5% medicated plaster for up to
14.5 months were used to build a pharmacokinetic model
to predict concentrations of lidocaine and three metabolites
simultaneously.
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Fig. 6 Simulated population exposure to lidocaine and its metabolites after simultaneous application of three plasters up to 1 year. GX

glycinexylidide, MEGX monoethylglycinexylidide

The analysis resulted in the estimation of a model that
provided reliable estimates of the pharmacokinetic behav-
ior of lidocaine after the lidocaine 5% medicated plaster
application. The model was validated using simulations
and showed reliable predictive properties.

The model demonstrated that exposure to lidocaine is
primarily affected by the number of plasters simultaneously
applied and that it increases less than proportionally with an
increasing number of plasters. The modest effects of safety
parameters, such as CLcg, BIL, ALT, and LDH as well as
BMI and concomitant medication on the pharmacokinetic
model’s parameters, although statistically significant, were
of no clinical relevance. The effect of covariates on the long-
term exposures of lidocaine after one plaster or three
simultaneously applied plasters was found very small with
respect to between-subject variability of exposure.

As no accumulation was predicted by the model, long-
term exposure to lidocaine and its metabolites is not
expected to lead to any safety concern in post-herpetic
neuralgia patients.
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