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ABSTRACT

Purpose The pharmacokinetics of simvastatin is complex with mul-
tiple peaks in the absorption phase, which cannot be adequately
described by a conventional first order absorption model. The
biotransformation of simvastatin into simvastatin acid, an active me-
tabolite, is reversible. This study evaluated the pharmacokinetics of
simvastatin and simvastatin acid, focusing on the absorption kinetics.
Methods Data were collected from three bioequivalence stud-
ies, in which subjects were administered 60 mg simvastatin, and
from one crossover study, in which subjects were administered
two doses randomly selected from 10, 20, 30, 40 to 80 mg
simvastatin with washout period. The pharmacokinetics of simva-
statin was assessed in |33 healthy males. Plasma concentrations of
simvastatin and simvastatin acid were measured in 2,182 and
2,130 samples, respectively, and the pharmacokinetic data were
analyzed using NONMEM.

Results The time course of changes in the plasma simvastatin
concentration was best described by a two-compartment linear
model with three parallel absorption processes, each of which
consisted of mixed zero-and first order absorption. Additions of
inter-occasional variability to the absorption parameters

significantly improved the model's fit. The disposition parameter
estimates were significantly different when different absorption
models were applied, indicating the importance of the appropri-
ate absorption modeling. Pharmacokinetic modeling preferred
the inter-conversion between simvastatin and simvastatin acid.

Conclusion A pharmacokinetic model describing the complex,
multiple peak, absorption kinetics of simvastatin was formulated using
three parallel, mixed zero and first-order absorptions. This type of
absorption model may be applicable to other drugs that show
irregular, multiple-peak concentrations during their absorption phase.
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A(n) Amount of drug in n compartment

ALAGn Absorption lag from " compartment

CL Clearance

cv Coefficient of variation

Dn Duration of zero order administration to n™"
Depot compartment
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FM Fraction that is metabolized to simvastatin acid of
total clearance of simvastatin

Fn Bioavailability to n depot compartment

FOCE First-order conditional estimation

GOF Goodness-of-fit

HMG-CoA  3-hydroxy-3-methylglutaryl coenzyme A

v Inter-individual variability

IOV Inter-occasional variability

K Transfer rate constant between pharmacokinetic
compartment

Ka Absorption rate constant

LLOQ Lower limit of quantification

LOWESS Locally weighted scatterplot smoothing

MAP Maximum a posteriori probability

ORV Objective function value

Q Inter-compartmental clearance between central
and peripheral compartment

Vd Volume of distribution

INTRODUCTION

Simvastatin is a widely prescribed drug based on its effective-
ness in the treatment of hypercholesterolemia. As a pro-drug,
it undergoes rapid hydrolysis after absorption to several me-
tabolites. One of these, f-hydroxyacid-simvastatin (simvastat-
in acid) 1s the active form of the drug, which competitively
inhibits 3-hydroxy-3methylglutaryl coenzyme A (HMG-CoA)
reductase (1). The metabolism of simvastatin is complex,
involving the inter-conversion between simvastatin and sim-
vastatin acid (2,3). Simvastatin is well absorbed from the
gastrointestinal tract but highly extracted by the liver, with
subsequent excretion in the bile. Owing to its extensive first-
pass hepatic extraction, less than 5% of the drug reaches the
systemic circulation (4).

There are very few population pharmacokinetic studies
relevant to simvastatin and its metabolites (5). This is probably
due in part to the difficulty of developing pharmacokinetic
models that fit the multiple peaks during the absorption phase
of simvastatin. A multiple-peak plasma concentration-time pro-
file is often observed following the oral administration of several
drugs (6-9). This phenomenon might be explained by
enterohepatic recirculation (10-12), active intestinal secretion
(13), variable gastric emptying and intestinal transit rates,
(14,15) oral multi-fractional model (6,16). In general, compart-
mental analysis that assumes first-order absorption and elimi-
nation is often used to fit plasma concentration-time data.
However, this conventional model is not appropriate for the
description of multiple-peaks. In addition, the use of an inap-
propriate absorption model could result in the misspecification
of the disposition parameter in the pharmacokinetic model and
subsequent erroneous prediction of dosing regimens (17).
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The objective of this study was to characterize the pharma-
cokinetics of simvastatin and simvastatin acid by using non-linear
mixed effect modeling with focus on the absorption process and
mterconversion kinetics between simvastatin and simvastatin
acid. Various empirical absorption models were therefore com-
pared, including single mixed, zero and first-order absorption,
two or three parallel, mixed, zero and first-order absorption,
sequential zero- and first-order absorption, and a Weibull type
absorption, to describe the irregular multiple-peak
concentration-time curves of simvastatin, and their impact on
the estimation of disposition kinetics were explored in this study.

MATERIALS AND METHODS
Pharmacokinetic Studies and Data

Plasma simvastatin and simvastatin acid concentration data
were collected from a total of four pharmacokinetic studies,
three bioequivalence studies, in which subjects were adminis-
tered 60 mg simvastatin (Zocor™, Merck, NJ, USA) as a refer-
ence drug, and another cross-over study, in which two doses
randomly selected from 10, 20, 30, 40 to 80 mg simvastatin
separated by a 3-day washout period were administered. The
pharmacokinetic analysis was based on a total of 2,182 simva-
statin and 2,130 simvastatin acid plasma concentration mea-
surements from 133 subjects (Table 1). All four studies were
performed at the Clinical Trial Center of Asan Medical Center,
Seoul, Korea. They were approved by the institutional review
board of Asan Medical Center, and written informed consent
was obtained from all the subjects prior to their enrollment.

Crossover Study for Simvastatin Pharmacokinetics

A two sequence and two period, crossover study of simvastatin
pharmacokinetics was performed in 20 healthy Korean males.
In this study, each subject received two oral doses of simva-
statin (Zocor™), separated by a washout period of 3 days with
240 ml of water following an overnight fast. The two doses of
simvastatin administered to each subject were randomly se-
lected from doses of 10, 20, 30, 40 to 80 mg. Standard meals
were provided 4 and 9 h after each dose. Blood samples were
drawn via an indwelling intravenous catheter into a heparin-
ized tube immediately before each dose (0 h) and at 10, 20, 30,
40, and 50 min and 1, 1.25, 1.5, 1.75, 2, 3, 4, 6, 8, 10, 12 and
24 h after each dose.

Bioequivalence Study for Simvastatin

Pharmacokinetic data were also obtained from three bio-
equivalence studies of a 2X2 crossover design involving 113
healthy Korean males. Each subject in these studies received
single oral dose of simvastatin 60 mg, reference or test drug
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Table | Characteristics of the Male Subjects, and Pharmacokinetic Data by Each of the Four Studies Included in this Analysis

Study | (PK?) Study Il (BE®) Study Il (BE®) Study IV (BE®) Total
No. of subjects 20 30 30 53 133
Age, year 26624 25.1 2.7 245x23 24727 25.0=x2.6
Weight, kg 69.4+73 69.8+6.7 69.7+7.4 700%=6.9 69.8+6.7
Height, cm [744+52 [74.6 6.1 173952 175.6=5.1 |748+54
BMI, kg/m? 22.8*+1.5 229=x1.6 23.0x1.8 227+1.8 228=*1.7
Simvastatin dose, mg 10, 20, 30, 40, 80° 60 60 60 -
No. of simvastatin concentration 717 386 390 689 2,182
No. of simvastatin acid concentration 720 337 390 683 2,130

Data are presented as count or mean = SD as appropriate

BMI body mass index

#PK means 2 X 2 crossover study performed for pharmacokinetic evaluation of simvastatin.

®BE means bioequivalence study of simvastatin.

“Randomly selected two doses of simvastatin were administered to each subject, separated by a washout period

with 240 ml of water after overnight fast in each period with a
7-day washout period. Standard meals were provided 4 and
9 h after each dose. Blood samples were collected immediately
before each dose (0 h) and at 15, 30, and 45 min and 1, 1.5, 2,
3,4, 6,8, 10, and 12 h after each dose of simvastatin. For this
pharmacokinetic analysis, only the data from the reference
formation (Zocor®) were used.

Measurement of Plasma Simvastatin and Simvastatin
Acid Concentrations

Plasma concentrations of simvastatin and simvastatin acid
were measured using high-performance liquid chromatogra-
phy (Symbiosis™, Spark Holland Instruments, Emmen, The
Netherlands) with tandem mass spectrometry (API 4000;
ABSciex, Inc., Foster City, CA) after sample preparation by
liquid-liquid extraction. (18)

Modeling Strategy

Pharmacokinetic analysis was performed using NONMEM®
VII level 2 (ICON Development Solutions, Dublin, Ireland),
employing the first-order conditional estimation (FOCE) with
an interaction method. The data were analyzed after chang-
ing the units of amount and concentration into molar units.
Simvastatin and simvastatin acid were modeled sequentially
(19). In the first step the pharmacokinetic model for simva-
statin was built. In the second step, the pharmacokinetic
model for simvastatin acid was built, using the individual
parameter estimates of the pharmacokinetic model for simva-
statin. The concentrations lower than the LLOQ) (0.2 ng/ml
for simvastatin, and 0.1 ng/ml for simvastatin acid) were
regarded as the half of the LLOQs. If there are multiple values
below LLOQ), during the disposition phase, the first one was

fixed at the half of the LLOQ), and the LLOQ) values there-
after were removed from the analysis.

Given that the concentration-time profiles of simvastatin
showed multiple irregular peaks during the absorption phase,
we evaluated five absorption models (20). Model I consisted of
a single, mixed, zero- and first-order absorption process. In
model II two parallel, mixed zero- and first order absorption
models were used, which comprised two absorption processes,
each described by mixed zero- and first order kinetics with
time delays at the beginning of each of the zero- and first order
absorption processes, respectively, such that a fraction of the
dose 1s absorbed by one absorption process and the remainder
by another process. Model III was based on three parallel,
mixed zero- and first order absorption processes, and was an
extension of Model I made by adding one more mixed zero-
and first order absorption process to model II together with a
corresponding absorption delay. Model IV was a sequential,
zero- and first order absorption model, in which a fraction of
the dose 1s absorbed by a zero-order process first, and the
remainder by a first-order process. Model V was a Weibull-
type absorption model that described the change in the ab-
sorption rate constant over time during the absorption phase.
In all the five models, onset of the absorption was described as
being delayed after drug administration. Inter-occasion vari-
ability (IOV) was taken into account with respect to the
unexplained differences in pharmacokinetic parameter values
among cach of the multiple doses within an individual (21).
Therefore, random effect parameters were added to the all
the pharmacokinetic parameters for absorption and disposi-
tion in the model for each period in the crossover design, and
tested whether these parameters improve the model signifi-
cantly. In the disposition model, one-, two-, and three-
compartment linear pharmacokinetic models were tested
using the ADVAN6 or ADVANI13 subroutines. Potential
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covariates of age, body weight, and height were tested to
investigate whether they significantly improved the pharma-
cokinetic model.

Second, for the modeling of simvastatin acid, individual
empirical maximum a posterior: probability (MAP) Bayes esti-
mates of the simvastatin pharmacokinetics were used as in-
puts. One- and two-compartment models with linear elimina-
tion were fitted to the metabolite plasma concentration-time
data. The central volume of distribution (V) of simvastatin
acid was fixed at 1 L, because of the identifiability problem,
and the fraction converted to simvastatin acid relative to the
total clearance (CL) of simvastatin was estimated.

We also evaluated the reversibility in the conversion be-
tween simvastatin and simvastatin acid, as it may influence the
modeling results. Equilibrium and non-equilibrium models in
the inter-conversion between simvastatin and simvastatin acid
were compared. If the inter-conversion rate is so high that the
equilibrium is reached instantaneously, the equilibrium pro-
cess would not be identifiable from the data, thus favoring the
equilibrium model, and vice versa. Age, body weight, and
height were tested whether they improved the pharmacoki-
netic model for the simvastatin acid. Unexplained inter-
individual random variability was modeled using a log-
normal model (Eq. 1):

P; = Pry-c” (1)

Where £, is the value of a parameter for the #h individual,
Pry1s the typical population parameter value, and 7 is a
random variable reflecting unexplainable inter-individual var-
iabilities (ITV) with a mean of 0 and a variance of @”. Covari-
ances among ITVs were also considered during the construc-
tion of the model. Additve, proportional, and combined re-
sidual models were tested for both parent and metabolite
pharmacokinetic models.

When applicable, IOV was taken into account in Eq. 1, as
follows.

n =Ny + Mo ¥(1=OCC) + 10,*OCC

where#;;;1s a random variable for unexplained IV, #;01, and
Nrovz; are random variables for unexplained IOV for period 1
and period 2, respectively, and OCC is an indicator variable
with a value in the crossover design of 0 in period 1 and 1 in
period 2.

Evaluation and selection of the models were based on
graphical as well as statistical methods. Together with a basic
goodness-of-fit (GOF) plot, visual predictive checks were per-
formed by simulating 1,000 iterations by each dose group
using NONMEM and comparing the simulated median pre-
diction and 95% prediction intervals with the original data.
The log likelihood ratio test was used to discriminate among
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hierarchical models. A Pvalue of 0.05, representing a decrease
in objective function value (OFV) of 3.84, was considered to
indicate a statistically significant difference (chi-square distri-
bution, degree of freedom=1) between full and reduced
models.

Graphical model diagnosis was performed using R (version
3.0.1; R Foundation for Statistical Computing, Vienna,
Austria).. Statistical analyses were performed using R
and SigmaStat 3.5 for Windows (Systat Software, Inc.,
Chicago, IL) software. Data are expressed as counts,
percentages, meantstandard deviation, or medians
(ranges) as appropriate.

RESULTS
Parent Model

A two-compartment model was chosen as the final disposition
model for simvastatin pharmacokinetics based on the OFV
changes and GOF plots after testing one through three com-
partment models. We tested various absorption models to
describe the atypical, simvastatin concentration profile during
absorption phase. Residual variability incorporated both ad-
ditive and proportional error terms. The results from some,
representative pharmacokinetic models tested in this study are
shown in Table 2, where the final PK model (Model III) shows
the lowest OFV compared the other models with different
absorption kinetics. The pharmacokinetics of simvastatin were
best described by the three parallel, mixed zero- and first-
order absorption model (Model IIT in the Methods section), in
which the dose of simvastatin was distributed to three depot
compartments, with absorption of the drug following mixed
zero- and first-order kinetics with lag times in each absorption
process. The relative bioavailabilities from each of the three
depot compartments are described by the following equations:

1

(1 + BA1 + BA?)
BAI

2= U Al + BAY) @
. BA2

(1 + BA1 + BA)

where F1, F2, and I3 are the bioavailabilities from each depot
compartment, and BAl and BA2 are parameters in the ab-
sorption model that describe the relative bioavailabilities. The
population averages of BAl and BA2 were estimated to be
0.16, and 0.70, respectively, which means that on average,
about 53.8%, 8.6%, and 37.6% of total amount of bioavail-
able simvastatin are absorbed through the 1%, 2" and 3™
absorption peak, respectively.
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Table Il Comparison of the Different Absorption Models Tested for Model-
ing Simvastatin Pharmacokinetics

Model Absorption model No. of OFV

no. parameters

Model | Single mixed, zero- and first-order |7 5,757.0
absorption

Model Il Two parallel, mixed zero- and 25 5,652.9
first-order absorption

Model lII* Three parallel, mixed zero- and 35 5,274.1
first-order absorption

Model IV Sequential zero-order then 21 6,682.5
first-order absorption

Model V  Single Weibull function absorption 19 5,999.0

A two-compartment model with first-order elimination (7,6 15.9 in OFV) was
in turn combined with a single mixed zero- and first-order, a two parallel
mixed zero- and first-order, a three parallel mixed zero- and first-order, a
sequential zero- then first-order and a one Weibull input to fit the absorption
profiles

OFV objective function value (—2 log likelihood)
?Selected base model of simvastatin

Estimates of the fixed effect parameters, IIV’s and IOV’s of
the final pharmacokinetic model for simvastatin are summa-
rized in Table 3. There was a significant improvement in the
model when IOV’s were included in the absorption-related
parameters. IOVs were significant in BA1, BA2 which are
related with the bioavailability of simvastatin, and Dy, Do, D5
which are the durations of zero order absorptions from each of
the 3 depot compartments. The variance of IOV of each
absorption-related parameter was greater than the variance
of the IIV of each corresponding absorption related parame-
ters as summarized in Table 3. The apparent central, periph-
eral Vg, and CL were estimated to be 199.0 L, 2,710.0 L,
and 571.0 L/h, respectively. The plot of the observed plasma
simvastatin concentrations versus the model predicted con-
centration over time showed that the final pharmacokinetic
model predicted the observed concentration reasonably well
(Fig. 1). Figure 1 shows that the individual predictions are in
good agreement with the quite complex observed simvastatin
concentrations and are quite different by each subject,
reflecting the irregular, complex absorption patterns of kinet-
ics. The other models tested did not satisfactorily predict the
multiple peaks during the absorption phase. The diagram for
the final pharmacokinetic model, including both the parent
and the metabolite, is shown in Fig. 2. The basic goodness-of-
fit plots are shown in Fig. 3 (left panel) and predictive check
plots of the final model in Fig. 4 (upper 6 plots). Although
there seems to be underprediction of the model in the popu-
lation prediction versus observation plot (Fig. la), overall,
there was no significant trend as evidenced in the locally
weighted scatterplot smoothing (LOWESS) line. No signifi-
cant trend was observed over time, either (Fig. 1¢). Generally,
model predicted the observed simvastatin concentration well,

Table Il Population Pharmacokinetic Parameter Estimates, 95% Confi-
dence Intervals and Inter-Occasion Variability of the Final Pharmacokinetic
Models of Simvastatin and Simvastatin Acid

Population mean estimate 95% confidence

(RSE, %) interval
Parent model
Veentrar (L) 199.0 (19.1) 124.32-273.68
Wyensar % OV 79.0 (40.8) 31.9-118.1
Viseripherat (L) 2,710.0 (17.3) 1,788.8-3,631.2
am 571.0(17.1) 379.5-762.5
Ve, % CV 66.5(19.3) 50.6-81.0
CORRINyeenparct  0.62 (40.2) 0.08- —0.65°
QM) 199.0 (23.9) 172.68-415.32
Vg, % CV 93.6 (32.0) 51.5-133.5
CORRINVyeenyary ~ —0.17 (107.8)* —0.13- —0.36°
CORRINe 1 -0.38(38.1) —0.40- —0.06°
Ka; (h™" 0.00126 (54.6) —0.0001-0.0026
Vg, %6 CV 47.1 (68.0) 0-77.1
Kap (h™") 0.964 (0.3) 0.959-0.969
Vg2, %6 CV 43.9(0.2) 43.8-43.9
Kas (h™") 0.179 (8.2) 0.150-0.208
Vg3, %6 CV 50.0(21.3) 37.2-61.0
BAI 0.636 (49.4) 0.02-1.25
Npar, % CV 47.6 (78.4) 0-82.3
[OVea;, % CV 59.3 (35.2) 313-81.4
BA2 0.662 (13.2) 0.54-0.86
Vaaz % CV 45.4 (45.5) 14.3-65.2
[OVipz % CV 68.4 (21.6) 49.8-85.3
ALAG2 0.142 (6.9) 0.123-0.161
Wascr % CV 464 (19.8) 35.6-55.8
ALAG3-ALAG2 0787 (8.4) 0.657-0.917
IV anczance % 452 (28.0) 29.6-57.8
cv
D, 0.102 (0.06) 0.0594-0.0596
My, % CV 47.1 (197.5) 0-128.4
10V, % CV 59.2(118.3) 0-130.7
D, 0.502 (9.1) 0.413-0.591
Nz % CV 46.3 (80.9) 0-80.7
[0Vps, % CV 59.6 (23.3) 424-74.7
Ds 138 (5.54) 1.10-1.66
Vp3, % CV 46.1 (39.7) 20.9-64.0
[OVp3, % CV 57.0 (35.5) 29.9-78.1
& (additive) 0.118 (6.0) 0.104-0.132
(nmole/L)
& (proportional) 0.236 (2.8) 0.223-0.245
Metabolite model

M 0236 (0.4) 0.234-0.238
Qs4 112.0(0.2) I11.47-112.53
Vs % CV 96.5(12.8) 0.49-0.82
Ke7 252.0 (6.0) 222.21-281.79
Vg7, % CV 88.6 (12.8) 0.45-0.71
Kos 2.30(9.0) 1.89-2.71
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Table Ill (continued)

Population mean estimate 95% confidence

(RSE, %) interval
Wre, % CV 130.2(12.2) 0.75-1.23
CORRINs 774 —0.90 (8.9)* —0.81- —0.56°
Ch 0.035 (41.4) 0.01-0.06
Vet % CV 41.0 30.2) 0.06-0.25
& (additive) 027 (0.7) 0.26-0.27
(nmole/L)
& (proportional) 043 (1.0 0.42-0.43

Inter-individual and residual random variabilities were modeled using a log-
normal model, and a combined additive and proportional model, respectively

IOV inter-occasion variability; IV inter-individual variability; CORRIIV correlation
between IIVs; € and & standard deviation; & and & coefficient of variation; RSE
relative standard error=SE/estimate X 100 (%); % CV unexplained inter-
individual variation expressed as a percentage of the coefficient of variance;
Veenira ceNtral volume of distribution (L) which is V4 in the model; Vierjpherar
peripheral volume of distribution (L) which is V5 in the model; CI total
clearance of simvastatin (L/h); Q inter-compartmental clearance (L/h); Ka,
absorption rate constant of the first depot compartment (h™" ); Ka, absorption
rate constant of the second depot compartment (h™"); Ka; absorption rate
constant of the third depot compartment (h~"); BAI and BA2 parameters
describing the relative bicavailabilities in each of the three depot compartments

<F1 = (1+B4%+B42) F2 = (1+3§ii1i3142)7 F3 = (1+B§i1~2+342)> ; ALAGZ ab-

sorption lag-time of the second depot compartment (h); ALAG3 absorption
lag-time of the third depot compartment (h); ALAG3-ALAGZ difference between
ALAG3 and ALAGZ; D, duration of zero order absorption into the first depot
compartment (h); D, duration of zero order absorption into the second depot
compartment (h); D; duration of zero order absorption into the third depot
compartment (h); FM fractional metabolic clearance for the conversion of
simvastatin to simvastatin acid; Q4 inter-compartmental clearance for reversible
conversion between simvastatin acid to simvastatin; K7 and K, inter-compart-
mental rate constants; C},, apparent clearance of simvastatin acid (L/h)

“Relative standard error of covariance

©95% confidence interval of covariance

although there was underprediction in 60 mg group (E of
Fig. 4).

Metabolite Model

The disposition of simvastatin acid was best described by a
two-compartment model with combined error model based
on the OFV changes and GOY plots. The model preferred the
model with inter-conversion with a non-equilibrium between
simvastatin and simvastatin acid to that with equilibrium after
a single oral dose of simvastatin (the OFVs of the non-
equilibrium and equilibrium models were 13,140.4 and
16,274.5, respectively). The population pharmacokinetic pa-
rameter estimates of the metabolite model are summarized in
Table 3. Metabolic fraction from simvastatin to simvastatin
acid (FM) was estimated to be 0.236, when we fixed the
central Vy of simvastatin acid at 1 L, and apparent clearance
of simvastatin acid was 0.035 L/h. Interindividual variations
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of intercompartmental clearance from simvastatin acid to
simvastatin (Qg4) was relatively larger (112.0% in CV) than
those of the other pharmacokinetic parameters. The GOI’s
are shown in Fig. 3 (right panel) and predictive checks of the
metabolite model in Fig. 4 (lower 6 plots).

Age, body weight, and height had not improved any model
for simvastatin and simvastatin acid.

DISCUSSION

After oral administration, some drugs exhibit atypical, com-
plex absorption patterns that do not follow simple first-order
kinetics. The absorption process of such drugs might be af-
fected by many factors, including the characteristics deter-
mined by oral dosage formulations, such as the nature of the
excipients, and coatings, which could affect the rate of disin-
tegration, its dissolution in the gastrointestinal tract, and the
properties of the active ingredient itself, such as its solubility.
An appropriate absorption model can lead to a better under-
standing of the mechanisms underlying the atypical absorp-
tion profiles, and may prevent bias in estimations of the
disposition pharmacokinetic parameters. Erroneous estimates
can lead to inaccurate predictions of the pharmacokinetic
profile over time for various dosing regimens.

In this study, high and multiple-peak plasma
concentration-time profiles of simvastatin were observed fol-
lowing oral administration of simvastatin tablets to fasted
subjects. This phenomenon has been observed in many other
drugs, including diclofenac sodium (6), etintidine (7), bumet-
anide (8), and zolmitriptan (9). Conventional analysis which
assumes single, first-order absorption, is not appropriate to
describe the multiple-peak data during the absorption phase
of these drugs. Multi-fraction absorption models, in which
drugs during their passage in the gastrointestinal tract, were
divided into several fractions (each with its own lag time and
absorption rate constant) have recently been evaluated for
drugs with irregular absorption profiles (16). A previous study
in animals suggested that 61-85% of a dose of simvastatin is
absorbed from the stomach. The multiple-peak absorption
profile of simvastatin might result from site-specific absorp-
tion, with the different rates and lag times due to the different
rates and lag times of site-specific absorption (22). We applied
our pharmacokinetic model, based on three-site discontinuous
absorption, to fit the multiple-peak absorption profiles of
simvastatin. The pharmacokinetic results obtained for simva-
statin in this study are similar to those described in a previous
report (5), although direct comparison is not feasible owing to
the difference in the structural pharmacokinetic models
adopted. In the previous study, the typical values of Vg, and
CL are 8,980 L, and 1,740 L/h, respectively, compared to
2,909 L (central V4+peripheral Vy), 571 L/h, respectively in
this study. When we adopted the conventional first-order
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Fig. | Plasma simvastatin concentrations, individual predictions of simvastatin concentration and population predictions of simvastatin concentration vs. time in six
subjects from different dose groups. (@) 30 mg, (b) 40 mg, (c, dand e) 60 mg, (f) 80 mg; Empty circles are observed simvastatin concentrations; Red solid lines are
population predictions of simvastatin concentrations; Blue dashed lines are individual predictions of simvastatin concentrations.

absorption model with an absorption lag, as in the previous  the results of that study. Absorption related parameters and
study, the parameter estimates increased to 4,827 Liin central Vg are often hard to determine accurately because of relative-
Vq+peripheral Vg, and CL of 1,000 L/h, more in line with  ly sparse sampling for pharmacokinetics during the absorption
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Fig. 2 Diagram for final pharmacokinetic model of simvastatin and simvastatin acid. Differential equations in $DES block in NONMEM are displayed.
Concentrations of simvastatin and simvastatin acid are A(4)A/4, and A(6)V6, respectively. A(n) amount of drug in ™ compartment; Dn duration of zero order
administration to n” Depot compartment; Fn bioavailability to n depot compartment (FI +F2 +F3 = |); ALAGh absorption lag from n'" compartment, which
means that the absorption from n'™ compartment begins after ALAGn; Kan absorption rate constant from n'" depot compartment; Q inter-compartmental
clearance between central and peripheral compartment of simvastatin; CL total clearance of simvastatin; FM fraction that is metabolized to simvastatin acid out of
total clearance of simvastatin (CL); Q64 clearance of simvastatin acid to simvastatin; CLy, total clearance of simvastatin acid; Vn volume of distribution of nth
compartment; Ks transfer rate constant of simvastatin acid from central to peripheral compartment; K, transfer rate constant of simvastatin acid from peripheral to

central compartment.

phase. In 2 X2 crossover trial in 20 subjects as a part of current
study, more dense sampling during absorption phase than
usual was conducted (predose (0 h), and at 10, 20, 30, 40,
50 min and 1, 1.25, 1.5, 1.75, 2, 3, 4, 6, 8, 10, 12 and 24 h
after each dose), which would make this complex absorption
modeling possible.

Enterohepatic recirculation refers to the process in which a
drug from the systemic circulation accumulates in the gall-
bladder, and is then released into the gastrointestinal tract in
response to food intake. This process has been shown to
contribute to the occurrence of multiple peaks in the plasma
concentration-time profile of various drugs, with the extent of
the enterohepatic circulation affecting the bio-availability of a
drug (10,11,23). We did not observe a definite enterohepatic
circulation pattern for simvastatin, given that most of the
peaks occurred before the first meal, was consumed, 4 h after
administration of the drug. In a previous report, multiple
peaks in the concentration-time profile have not been ob-
served after intravenous administration of simvastatin (24).

The absorption model in the final pharmacokinetic model
describes multiple, irregular peaks during absorption phase
using 3-depot compartment with mixed zero-order and first-
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order absorption from each compartment, Individual predic-
tions in Fig. 1 are in good agreement with the observed
concentraton, and the large differences between population
and individual predictions are due to the high random effect
parameters for the inter-individual and intra-individual vari-
ability in this model, which reflects the irregular absorption
phenomena of simvastatin. The addition of IOV to the ab-
sorption parameters for zero-order absorptions and bioavail-
abilities in our model significantly improved the model’s fit.
When IOVs were introduced to disposition parameters of
simvastatin and parameters for simvastatin acid, there was
no significant improvement of the model. This indicates that,
even within an individual, the absorption patterns may differ
cach time he or she takes simvastatin. The estimated variances
in the IOV’s in the absorption parameters were even larger
than those of the unexplained IIV for the corresponding
absorption parameters, which implies that the uncertainty in
absorption kinetics within a subject is larger than that between
subjects (Table 3). The variances of IOVs displayed in the
Table 3 give us the quantitative information on the inter-
subject variability of simvastatin pharmacokinetics. Com-
pounds with very low aqueous solubility are believed to
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observed and predicted concentrations of simvastatin or simvastatin acid. Solid lines are locally weighted scatterplot smoothing (LOWESS) lines.

exhibit dissolution-rate limited absorption with reduced sys-  peak concentrations observed during absorption phase, and
temic absorption, and simvastain is practically not soluble in  the model improvement after the inclusion of IOVs to zero-
water (30 pg/mL), and 0.1 M HCI (60 pg/mL) (25). Multiple  order absorption and bioavailability related parameters, may
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60 mg; (fand I) 80 mg; The blue and orange filled area represents the 95% prediction intervals by pharmacokinetic models for simvastatin and simvastatin acid,
respectively. Red and black solid lines are median predictions by the pharmacokinetic models for simvastatin and simvastatin acid, respectively.

suggest that the irregularities in the absorption processes of
simvastatin could result from the dynamically changing envi-
ronment for dissolution of simvastatin in gastrointestinal tract
at each time of administration even within each individual.
As described in the Materials and Methods section, phar-
macokinetic models were tested by using various absorption
models including models I-V. The resulting dispositions of the
parameter estimates of simvastatin were quite different, espe-
cially regarding the central Vg, which ranged from 157 to
3,520 L, and was 214 L in the final model. By contrast, there
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was little change in the other major disposition parameters.
Thus, the CL ranged from 750 to 1,000 L/h (750 L/h in the
final model) and the peripheral V4 from 3,510 to 4,540 L
(3,510 L in the final model). This suggests that the absorption
model affects the characterization of not only the absorption
process but also the disposition process of the drug, underlying
the importance of appropriate absorption modeling during
pharmacokinetic analyses. The models I-V did not predicted
the observed concentration well in goodness of fit plots, which
was improved a lot in the final pharmacokinetic model.
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Simvastatin undergoes extensive first-pass hepatic extrac-
tion by phase I enzyme like CYP3A during absorption, signif-
icantly limiting the bioavailability (4). During modeling pro-
cess, the first effect model was tested by implementing direct
transfer of simvastatin acid to the central V4 of the metabolite
from Depot compartments. However, the model did not
improved significantly.

The model was in favor of interconversion between simva-
statin and simvastatin acid in agreement with previous study
(3), and preferred non-equilibrium model than equilibrium
one for the interconversion with wider interindividual varia-
tion (112.0% in CV), which indicates that the interconversion
1s not fast enough to be indistinguishable, compared the other
pharmacokinetic processes.

The V4 of a metabolite cannot be identified without know-
ing the fraction of a parent compound converted into a
particular metabolite out of the total CL of the parent com-
pound, unless the pharmacokinetic data collected following
administration of metabolite alone, are available. In the ab-
sence of these data, the value of either the metabolic fraction,
or the Vy of the metabolite should be fixed to an arbitrary
value. In the metabolite modeling described herein, the V4 of
simvastatin acid was fixed at 1 L. Although 1 L is not physi-
ological as the V4 of simvastatin acid, this model could be used
to describe and predict the simvastatin acid concentration
over time, under the assumption about the V4. The final
pharmacokinetic model with three parallel, mixed zero- and
first order absorption model was then able to describe the
quite complex absorption patterns of simvastatin better than
any of the other assessed models. The model finally selected in
this study to assess the absorption kinetics of simvastatin and
simvastatin acid is an empirical one, and more concentration
data during the absorption phase are needed owing to the
increased number of parameters compared to a conventional
absorption model. Nonetheless, it is useful in describing the
absorption phase of many other drugs having complex ab-
sorption pattern with multiple peaks.

CONCLUSION

Current modeling analysis describes the pharmacokinetics of
simvastatin which shows multiple, irregular peaks during ab-
sorption phase using the absorption modelwith three parallel,
mixed zero- and first-order absorption processes. The model
also describes the non-equilibrium reversible conversion be-
tween simvastatin and its active metabolite. The proposed
model may be useful for characterizing the absorption and
disposition processes of many drugs showing complex absorp-
tion kinetics with multiple peaks, and it may help in designing
proper dosage regimens by more accurately estimating phar-
macokinetic parameters related to disposition.
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