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Abstract
Purpose To establish the population pharmacokinetic
(PPK) model of cyclosporine (CsA) in Chinese renal
transplant recipients and evaluate the influence of various
indexes including CYP3A5 and MDR1 genetic polymor-
phism on pharmacokinetic parameters.
Methods Trough (C0) and peak (C2) CsA concentration
were monitored conventionally after renal transplantation.
C0 and C2 were collected for 5 months in 146 patients. The
CYP3A5*3 genotype and MDR1 haplotype were deter-
mined by methods based on amplification refractory mutant
PCR. The data were analyzed by nonlinear mixed-effect
modeling (NONMEM). The model was evaluated using
goodness of fit plots and relative error measurements.
Physiological and pathological factors including CYP3A5
and MDR1 genotypes were evaluated as covariates of CsA
pharmacokinetic parameters.
Results Pharmacokinetics of CsA was best described by a
one-compartment disposition model followed a first-order
absorption process. The estimated clearance (CL/F) was
49.5 l·h−1, the volume of distribution (Vd/F) was 226 l. Ka

was fixed as 1.25 h−1. Post-transplant data, body weight,
total bilirubin, and MDR1 genotype were covariates of

CL/F (P<0.005). Gender and MDR1 haplotype were
covariates of Vd/F (P<0.005). The AUC estimated based
on the Bayesian method was 7,465±1,708 ng·h·ml−1

(2,946∼13,926 ng·h·ml-1).
Conclusion The PPK model developed in this study could
be used to optimize CsA dose for Chinese renal transplant
recipients by using conventional therapeutic drug monitor-
ing (TDM) data.
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Cyclosporine (CsA) is a member of the calcineurin inhibitor
family, which is deemed to be a cornerstone of immunosup-
pressive therapy. CsA is widely used as a basic component of
immunosuppressive regimens to prevent allograft rejection in
solid organ transplantation [1, 2]. In the past decades, with
the introduction of CsA, 1-year survival rate after renal grafts
increased dramatically [3], although the long-term outcome
is not optimal. There are great inter-individual and intra-
individual differences in the response: with similar dosage,
some patients experienced acute rejection, while others
displayed acute nephrotoxicity [4, 5].

The difference in drug response of CsA is partly attributed
to variations in CsA pharmacokinetics, which appear to be
particularly significant in patients administered oral CsA in the
first few weeks after transplantation [6, 7]. There are almost
six-fold inter-individual differences in CsA absorption, which
cause bioavailability of CsA ranging from 3∼50% [8, 9]. It
has been recommended that dosing schedules be guided by
therapeutic drug monitoring (TDM). Indexes such as trough
levels (C0), concentration 2 h post dosage (C2), and the area
under the curve (AUC) have been used [10–12]. The AUC is
preferred because it is more informative [13].
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Many pharmacokinetic studies on CsA have been
conducted in patients after solid-organ transplantation [14,
15]. Previous studies proved that besides age, hepatic and
renal functions or co-administered drugs, genetic polymor-
phism of drug metabolism enzymes and drug transporters
are also important causes of pharmacokinetic variation.
CYP3A family is responsible for CsA metabolism in the
liver and intestine. The importance of CYP3A4 alleles (*4,
*5, *6, *18A, and *19) is limited by their low frequency
(<1% in Chinese subjects) [16, 17]. The frequency of
CYP3A5*3 allele is about 75% [18, 19]. There is evidence
that the CYP3A5*3 allele has an impact on the pharmaco-
kinetics of CsA. P-glycoprotein (Pgp) is an ATP-dependent
efflux transporter, which is encoded by multidrug resistance
gene (MDR1/ABCB1) [20]. Genetic polymorphism of
MDR1 has been studied in various populations. More than
48 single nucleotide polymorphisms (SNPs) have been
found and C1236T, G2677T/A, C3435T are the most
frequently studied [21]. Studies suggested that the MDR1
haplotype might be a better index of pharmacokinetics of
Pgp substrates [22]. Our previous study found that CYP3A5
and MDR1 genotypes have an impact on CsA level in a
group Chinese renal transplant recipients [23].

Population methods are particularly suitable in modeling
pharmacokinetic responses in a relatively large group of
subjects in which there are only limited observations for
each subject. More importantly, population pharmacokinet-
ics (PPK) has the additional benefit of being able to provide
quantitative estimation of the inter-patient variability, the
intra-patient variability, and the influence of demographic,
clinical, and genetic factors on the pharmacokinetics. The
PPK datasets of many studies on CsA include both full
pharmacokinetic profiles (full-PK) and sparse pharmacoki-
netic profiles (sparse-PK). Some other studies used con-
ventional TDM data, including C0 or C2 to establish a CsA
PPK model.

In this study, we investigated PPK parameters in Chinese
adult patients who were administered oral CsA for
immunosuppressive therapy after renal transplantation. We
also elucidated the influence of various factors including
CYP3A5*3 and MDR1 genotypes on CsA pharmacokinetic
parameters in Chinese renal transplant recipients.

Materials and methods

Patients

One hundred and forty-six renal transplants recipients (87
male and 59 female) were enrolled. All patients were of
Han nationality. The study was approved by the Ethics
Committee of Shanghai Ruijin Hospital. Informed consent
was obtained from all patients. The demographic and

clinical data of these patients are shown in Table 1. All
patients received combined immunosuppressive therapy
consisting of CsA, mycophenolate mofetil (MMF), and
steroids. The initial dosage of CsA (Neoral, Novatis
Pharma, Basel, Switzerland) was 6∼9 mg·(kg·day)−1, which
was divided into two doses. The dosage was adjusted
according to the blood level of CsA. MMF was given
according to the body weight (BW) of the patients
(2 g·day−1 for patients with BW over 50 kg, or 1.5 g·day−1

for those with BW under 50 kg). 6 mg·(kg·day)−1 of
methylprednisolone was injected for 3 days. This schedule
was followed by 80 mg·day−1 of oral prednisolone; the dose
was reduced to 20 mg·day−1 after 1 month of therapy.

The demographic data, pathophysiological index were
recorded on the day of CsA monitoring. Clearance of
creatinine (CLcr) of the patients was calculated according
to previous studies [24, 25]. Post-operation date (POD) was
expressed as the days between the operation date and the TDM
date. Medication known to affect CsA blood levels taken by
patients was also recorded. To guarantee the accuracy, all data
were double checked by different researchers.

Determination of CsA whole blood concentrations

Blood samples of CsA C0 and C2 were monitored. C0 were
drawn at 8:00 a.m., just prior to the morning dose. Samples
of C2 were drawn at 10:00 a.m., 2 h after the oral dose of
CsA. All samples were anti-coagulated with ethylene
diamine tetraacetic acid (EDTA). Whole blood CsA level
was measured using a fluorescence polarization immuno-
assay (FPIA) on an Axsym analyzer (Abbott Diagnostic,
Chicago, IL, USA) using the cyclosporine II Axsym
reagent kit. The functional sensitivity of the assay was
25 ng·ml−1.

Genotyping

Leukocyte DNA was extracted by the phenol-chloroform
method. A tetra-primers amplification method was used to
detect the CYP3A5*3 allele [23]. A 25-μl reaction system
contained 15∼50 ng DNA, 0.5 U Heat start Taq DNA
polymerase (Bio Basic, Ontario, Canada), 1 × PCR buffer,
0.2 mmol·l−1 dNTP, 1.5 mmol·l−1 MgCl2, 0.3 μmol·l−1 of
each flanking primers (3A5P1: 5′GCC CTT GCA GCA
TTT AGT CCT T3′ and 3A5P2: 5′ CCT GCC TTC AAT
TTT TCA CTG 3′) and 0.45 μmol·l−1 of each allele-
specific primer (3A5wt: 5′ CCA AAC AGG GAA GAG
ATA T 3′ and 3A5mu: 5′ GAG CTC TTT TGT CTT TCA
G 3′). The reaction was carried out according to the
following program: 15 min at 94°C; followed by 35 cycles
of 94°C for 30 s, 57°C for 60 s and 72°C for 60 s with a
final extension at 72°C for 7 min. PCR products were
analyzed by electrophoresis with 2% agarose gels.
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MDR1 C1236T, G2677T/A, and C3435T polymor-
phisms were detected by assays based on the amplification
refractory mutation system established in our laboratory
[26]. C1236T and C3435T genotypes were detected by
single-tube tetra-primer amplification methods. G2677T/A
genotypes were detected by a two-step allele-specific
amplification (ASA) assay. LD between different pairs of
MDR1 SNPs was determined by the absolute standardized
LD coefficient |D’|. Haplotype assembly was performed
using a Haploview 3.2 program (Broad Institute of Harvard
and MIT, Cambridge, MA, USA), based on a standard
expectation maximization algorithm to reconstruct individ-
ual haplotypes from population genotype data [27].

PPK modeling

One-compartment, two-compartment and Michaelis–Menten
(M–M) models were evaluated in model construction. Mod-
eling was performed with NONMEM (Version 6; GloboMax,
Hanover, MD, USA). Log-transformed concentration data
were used to ensure that the random effects are sufficiently
distributed around zero. The first order conditional estimation
method (FOCE) was applied for the modeling. Model
selection was based on the objective function value (OFV),
parameter estimates and standard errors. OFV is proportional
to −2 log likelihood of the relevant model, and a lower value
indicates a better model. The distribution of empirical
Bayesian estimates was also an important factor for model
selection. The primary pharmacokinetic parameters were
clearance (CL/F) and volume of distribution (Vd/F). Ka was
fixed based on previously reported literature values [28, 29].

Inter-individual and residual error model

The inter-individual variability of the parameters was
assessed using an exponential function:

Pi ¼ TV Pið Þ � ehi

where Pi was the individual value, TV(Pi) was the
population value for the parameters described in the

equation, ηi was the random deviation of Pi from TV(Pi).
The values of ηi were assumed to be independently
normally distributed with a mean of 0 and a variance of ω2.

As the concentration data were log transformed, an
additive model was used for residual error analysis:

lnCobs ¼ lnCpred þ "

where Cobs is the observed concentration, Cpred is the
predicted concentration, and ε is a residual error with a
mean of 0 and a variance of σ2.

Covariates

Patients’ physiological and pathological characteristics and
genetic polymorphisms were evaluated as the possible
covariates of the CsA pharmacokinetic model. The influence
of continuous covariates on the pharmacokinetic parameter
TV(P) was modeled according to the following equations:

TV ðPÞ ¼ qP � covariateð Þ

TV ðPÞ ¼ qP þ qC � covariateð Þ

TV ðPÞ ¼ qP � e covariate� qcð Þ

TV ðPÞ ¼ qP � covariate=means of covariateð Þqc

For categorical covariates such as gender, and the
CYP3A5*3 and MDR1 genotypes, discrete numbers were
given to each index: 0 and 1 for male and female patients.
0, 1, 2 for CYP3A5 *1/*1, *1/*3, and *3/*3 patients; wild-
type CGC haplotype is assumed to have no effect on Pgp
activity, where the mutant haplotype TTT has the most
significant influence on Pgp activity. The impact of the
other 10 haplotypes on Pgp activity is assumed to be
between CGC and TTT, and they are considered as one
group. 0 to 5 were given to the MDR1 diplotypes CGC/
CGC, CGC/Other, Other/Other, CGC/TTT, Other/TTT, and

Characters Mean ± SD

Age 42.2±11.5 (19∼64) years
Gender Male: 87; female: 59

Weight 56.5±9.7 (39∼78) kg
Panel reactive Ab% 3.98±1.12%

Creatinine 123.7±55.6 (60∼389) μmol·l−1

Blood urea nitrogen (BUN) 10.7±2.5 (4.1∼18.7) mmol·l−1

Total bilirubin (TBIL) 15.1±3.1 (6.6∼35.5) μmol·l−1

Alanine aminotransferase (ALT) 20.2±12.6 (7∼64) U·l−1

Glutamic-oxaloacetic transaminase (AST) 61.4±63.6 (12∼313) U·l−1

Table 1 Demographic and
clinical data of 146 renal trans-
plant recipients
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TTT/TTT respectively. The pharmacokinetic parameter TV
(P) was modeled according to the following equations:

TV ðPÞ ¼ qP þ qC � covariateð Þ

TV ðPÞ ¼ qP � e covariate� qcð Þ

TV ðPÞ ¼ qP � qcovariate

where TV(P) is the typical value of the pharmacokinetic
parameters, θP is the population estimation of the param-
eter. θc is the factor contributed by the covariate.

A forward inclusion and backward elimination technique
was used for the final regression model. Each candidate
covariate was screened in turn by adding into the base
model. Weighted residuals and the change in the OFV were
noted in the model building process. Changes in the OFV
approximate the χ2 distribution with the degrees of freedom
(df) equal to the number of covariates introduced. A
covariate was considered statistically significant when the
OFV decreased by 6.63 or greater (P<0.01, df=1) when
added to the base model (forward inclusion). The full
model included all covariates that show a significant
decrease in OFV. Hence, each covariate remaining in the
model was removed in turn by fixing its value as zero. This
procedure was repeated until the value of the objective
function failed to increase by more than the critical value of
7.88 (P<0.005, df=1; backward elimination). Individual
pharmacokinetic parameters, arithmetic means, and stan-
dard deviations were calculated using the NONMEM
Bayesian estimates from POSTHOC output.

Model evaluation

The stability and performance of the final model was
assessed through an internal validation method that in-
volved a non-parametric bootstrap with resampling and
replacement. In this study, 600 bootstrap samples were
generated, and the PPK parameters were estimated for each
of the 600 samples by using the final model. The mean and
standard error of parameter estimates from the bootstrap
analyses were then compared with the NONMEM estimates
from the final model.

Results

Patient population

The demographic and pathophysiological data of 146
patients were shown in Table 1. A total of 1,577 CsA

blood samples were collected from various stages post-
transplant. The C0 and C2 were 229±89 and 1,035±
388 ng·ml−1. Samples were collected from 3 days to
146 days after transplantation. Two hundred and nine
samples were obtained within 1 week; 432 samples were
obtained from 1 week to 2 weeks; 622 samples were
obtained from 2 weeks to 1 month; 267 samples were
obtained from 1 month to 3 months; 46 samples were
obtained over 3 months (Table 2). Thirty-eight patients
received medications that potentially interact with CsA,
including cimetidine (31 patients), bifendate (2 patients),
diltiazem (2 patients), fluconazole (3 patients), nifedipine
(2 patients), amlodipine (5 patients), and sirolimus (1
patient). Twenty-nine patients experienced acute rejection.
Most of the rejections occurred within 1 month of
transplantation.

MDR1 and CYP3A5 genotypes

The allele frequency of the CYP3A5*1 and *3 allele in 146
patients was 25.1% (18.1∼32.1%) and 74.9% (67.9∼81.9%)
respectively. There were 7, 55, and 84 patients with *1/*1,
*1/*3, and *3/*3 genotype. This result was consistent with
the Hardy–Weinberg equilibrium (χ2=0.004, df=2, P>1.05).

The allele frequencies of MDR1 1236C and 1236T were
38.7% (30.8–46.6%) and 61.3% (53.4–69.2%); those of
2677G, 2677T, and 2677A were 46.2% (38.1–54.3%),
37.2% (29.4–45.0%), and 16.6% (10.6–22.6%); and those
of 3435C and 3435T were 64.5% (56.8–72.4%) and 35.5%
(27.8–43.3%) respectively. The distribution of various
genotypes was consistent with the Hardy–Weinberg equi-
librium (χ2=0.675, df=2, P=0.452 for C1236T; χ2=1.855,
df=5, P=0.632 for G2677T/A; χ2=0.972, df=2, P=0.636
for C3435T).

D’ between G2677T/A or C1236T and C3435T were
0.85 and 0.77 respectively, whereas |D’| between G2677T/
A and C1236T was 0.33. This indicated that G2677T/A and
C1236T are in linkage disequilibrium with C3435T. There
were 12 MDR1 haplotypes in renal transplant recipients,
comparable with a previous study on Chinese subjects [30,
31]. Among these haplotypes, TTT (24.7%), CGC (22.2%),
TGC (20.0%) were most frequently observed. For patients
who were homozygous at three variants (such as CC/GG/
CC or TT/TT/TT) or who were heterozygous at only one
variant (such as CT/GG/CC), the haplotypes could be
assigned unambiguously. However, for patients who were
heterozygous at more than one variant, there may be
ambiguous results. For example, a patient with the CT/
GT/CT genotype, the haplotype pair might be CGC/TTT,
TGT/CTC, TGC/CTT or TTC/CGT. As frequencies of
CGC and TTT were much higher than those of TGT
(4.2%), CTC (1.5%), CTT (1.0%), TTC (3.5%) or CGT
(1.2%), the diplotype CGC/TTT was assigned. There were
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8, 32, 52, 18, 26, and 10 patients with the CGC/CGC,
CGC/other, other/other, CGC/TTT, other/TTT, TTT/TTT
diplotypes.

Compartmental pharmacokinetic analysis

A one-compartment model with a single first-absorption
process without lag time is the most appropriate structural
model. Since CsA was administered orally, the clearance
(CL/F) and distribution volume (Vd/F) included bioavail-
ability (F).

After the forward inclusion and backward elimination
step, POD (Fig. 1, Table 2), body weight (BW), TBIL, and
the MDR1 genotype (Fig. 2) reduced the OFV by >7.88
(P<0.005) when tested as the covariates of CL/F individually
against the base model. Gender andMDR1 reduced the OFV
by >7.88 (P<0.005) when tested as the covariates of Vd/F
individually against the base model (Table 3). After all
covariates had been included in the model, inter-individual
variability of CL/F was decreased from 22.4% to 16.1%;
inter-individual variability of Vd/F was decreased from
32.1% to 28.6% (Table 4). The PPK parameters of CsA are
presented in Table 4. CL/F (mean ± SE) was estimated to be
49.5±5.2 l·h−1; the Vd/F was 226±30 l; Ka was fixed as
1.25 h−1.

To assess the effect of including 38 patients using
combined medication, which might potentially interfere
with CsA PPK parameters, we deleted these data from the

population dataset after the final model was estimated. The
PPK parameters were estimated again, and no significant
changes were observed. It seemed that co-administration of
these drugs has little effect on CsA pharmacokinetics.

The assessment of the predictive performance of the
final model is presented in scatter plots of observed
concentration versus population-predicted (Fig. 3a) and
individual-predicted CsA concentrations (Fig. 3b); weight-
ed residual vs population-predicted CsA concentration
(Fig. 3c) and vs time (Fig. 3d) are also presented in Table 4.
Residuals of most concentration data were randomly
distributed within 2 standard deviations (SD), which
indicates good agreement. The average bias of CsA was
33.6% (95% CI: 14.0% to 53.2%).

Most of the 600 bootstraps ran successfully, and the
results indicated even smaller 95% CI than those calculated
by NONMEM (Table 4). The results of CL/F and Vd/F
calculated by NONMEM are in the center of the histogram
of 588 bootstrap runs (Fig. 4).

The AUC of CsA was estimated by a limited sampling
strategy (LSS), and the equation established by Keown et
al. [32, 33] was used: AUC0�12 ¼ 312:66þ 1:84� C0þ
4:39� C2 ng� h�ml�1. At the same time, the AUC was
calculated through Bayesian assay. The AUC was 7,465±
1,708 ng·h·ml−1 (2,946∼13,926 ng·h·ml-1). Figure 5 shows
the relationships between C0, C2, and AUC estimated by
LSS and the AUC estimated through the PPK model
respectively. The figures showed that the AUC estimated by

POD C0 (ng·ml−1) Number C2 (ng·ml−1) Number

<1 week 128.9±58.0 105 844.4±332.1 104

1 week to 2 weeks 211.8±82.3 216 1,024.3±364.3 216

2 weeks to 1 month 270.0±76.1 311 1,118.8±371.0 311

1 month to 3 months 243.9±77.1 134 1,048.3±367.0 133

>3 months 156.1±65.7 23 768.8±210.8 23

Table 2 C0 and C2 at various
post-operation dates (POD)
from 146 renal transplant
patients
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Fig. 1 The correlation between the weighted residual error (WRES) of the model prediction and the post-operation date (POD)
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the PPK model correlated well with C2 and the AUC
estimated by LSS. On the basis of the PPK model and the
Bayesian method, conventional TDM data can be used in
the rational usage of CsA.

Discussion

In this study, we established a one-compartment PPK
model of CsA using conventional TDM data. Various
demographic, pathophysiological, and genetic factors were
tested as covariates of the PPK model.

Different PPK models have been used to describe CsA
pharmacokinetics: one-compartment [28, 34], two-
compartment [29], three-compartment [35], and M-M
models [36]. Models with a lag time of 0, 1 or 2 and
gamma distribution for the absorption phase have been used
by various studies to describe the CsA absorption. In the
present study, all 1,577 samples were collected at 0 h
(trough level) and at 2 h (near peak level) after adminis-
tration of CsA. We tested different models and found that
the one-compartment model is satisfactory in simulating
CsA pharmacokinetics. Ka was fixed because limited blood
time points in the CsA absorption phase caused difficulty in
estimation. We tested different values of Ka based on the
work of Wu et al. and Schädeli et al. [28, 29], and found
that Ka=1.25 h−1 is most suitable. The CL/F and Vd/F of
the basic model of the present study were 23.9 l·h−1 and
163 l respectively. The results are comparable with those of
Rosenbaum et al. (23.1 l·h−1 and 202 l) [34] and Wu et al.
(28.5 l·h−1 and 133 l) [28].

The impacts of various factors on the PPK parameters
were evaluated. CL/F has been reported to decrease with

POD, especially in the early stage [15, 28, 37, 38]. In the
present study, we found significant differences in C0 and C2

among various groups classified according to POD (Ta-
ble 2). In the basic model, weighted residuals (WRES) of
the estimated concentrations increased with POD when
POD≤30 R2=0.21, P<0.001), and there is no significant
relationship when POD is over 30 R2=0.04, P>0.05;
Fig. 1). The results suggested that the concentration might
be overestimated in the first month. We used POD as a
covariate and fixed the POD at 30 for those samples
collected after more than 1 month of therapy. The average
decreasing CL/F in the first 4 weeks was 14.3%, 24.4%,
29.8%, and 33.4% respectively. The addition of POD
caused an ΔOFV of over −400 points. The relationship
between WRES and time was decreased in the final model
(Fig. 3c). The role of POD may be partly attributed to the
patients’ abnormal gastrointestinal function in the early
stage post-transplantation, which impairs absorption of CsA
and decreases the CsA bioavailability (F); hence, a higher
CL/F is obtained. With the recovery of gastrointestinal
motility during therapy the absorption of CsA is improved
and the CL/F gradually stabilizes. On the other hand,
prednisolone has been reported to activate steroid X
receptor (SXR), which is an important regulator of CYP3A
and MDR1 gene expression. The subsequent induction of
CYP3A and Pgp can result in reduced absorption and
accelerated metabolism of CsA. Tapering of steroid doses
during immunosuppressive therapy may cause the reduction
of expression of CYP3A and MDR1, and hence increase F
and decrease CL/F of CsA. This effect may be reflected by
the POD.

Consistent with a previous study [37], we found that
BW had a significant influence on CsA clearance. There is
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a wide range of BW in patients in the present study (39–
78 kg). BW changed dramatically even in the same patient
during therapy. We found a 5.8∼8.0% increase in CL/F with
every 10-kg increase in BW. Given a similar dosage,
patients with higher BW had lower CsA concentrations.
BW-adjusted dosage is applicable to maintain the CsA
concentration within therapeutic range. On the other hand,
in the forward inclusion step, we found that gender had a
significant effect on both CL/F and Vd/F (ΔOFV was −6.2
and −7.9 respectively). Female patients have a 9% higher
CL/F and 20% higher Vd/F. Previous studies have
suggested that CYP3A in the intestine wall might be higher
in female patients, which may decrease the F and further
increase the Vd/F [39].Various biochemical indexes were
tested as covariates. Patients with poor liver function are
suggested to have impaired clearance of CsA. Patients with
a high plasma total bilirubin level (TBIL) have higher blood
concentrations of CsA [28, 37]. We also found the addition
of TBIL caused ΔOFV to decrease by 32.7 points. For
patients with one-fold higher TBIL over the average level,
there will be a 15% decrease in CL/F.

Genetic polymorphism of drug metabolism enzymes and
drug transporters is considered an important cause of
pharmacokinetic variation [40]. The most important SNP
of CYP3A5*3 is 6896A>G mutation in CYP3A5 intron 3,
which results in a splice defect of the mRNA and produces
an unstable and nonfunctional protein [41, 42]. Min et al.
[43] studied 16 healthy subjects and found CL/F of *1/*1
was significantly higher than that of the *3/*3 group (P=
0.04). Haufroid et al. [44] showed that the CYP3A5
genotype could explain 9% of the total variance in CsA
dose-adjusted C0 in 50 stable renal transplant recipients by
using a stepwise multiple regression analysis. In the present
study, we screened the CYP3A5*3 allele as a covariate.
Compared with homozygous CYP3A5*1 patients, those
with the mutant allele had a reduced CL/F for about 3.8%
with each CYP3A5*3 allele (Fig. 2). However, CYP3A5*3
was excluded from the model in the backward exclusion
stage as the increasing OFV is not sufficient (ΔOFV=5.9).
As previous studies have pointed out, CYP3A5 plays a
minor role in the metabolism of CsA. Besides, the gene
frequency of CYP3A5*3 is as high as 74.9%; there were
only 7 patients with *1/*1 genotypes. It should also be
noted that we constructed the PPK model using the
conventional monitoring data, as limited data in the
elimination phase further decrease the importance of the
CYP3A5 genotype in CsA pharmacokinetics.

Recent studies suggest that theMDR1 haplotype is a good
index of the genotype–phenotype relationship of Pgp. The
study of Fredericks et al. [45] revealed significant lower
dose-normalized CsA concentrations in patients with the
CGC haplotype than those with the TTT haplotype (P=
0.024 for C0 and P=0.048 for C2). The study classifiedT
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patients as carriers or non-carriers of certain haplotypes. It
should be noted that the diplotype effect can only be
observed directly in vivo, and haplotype outcome is
embodied in diplotypes. Our previous study [23] estimated
MDR1 diplotypes on the basis of individual haplotypes

reconstructed through a standard expectation maximization
algorithm; patients were classified according to the
diplotypes. We found that there is a significant difference
in dose-adjusted C2 among various MDR1 diplotypes after
1 month of therapy. The CL/F and Vd/F of TTT/TTT

Fig. 3 Goodness of fit of the population pharmacokinetics (PPK)
model of cyclosporine (CsA). a Population-predicted concentration vs
true concentration; b individual-predicted concentration vs true

concentration; c Weighted residual error vs population-predicted
concentration; d Weighted residual error vs time. PRED predicted,
CONC concentration, WRES weighted residual error

Table 4 Population pharmacokinetic parameters of CsA in Chinese renal transplant recipients

Number Parameter Basic model 95% CI Final model 95% CI Bootstrap

1 CL/F (θ1), l·h
−1 23.9 (0.78) 22.4∼25.4 49.5 (5.2) 39.3∼59.7 50.1 (5.5)

2 Vd (θ2), l 163 (8.20) 146.9∼179.1 226 (30.1) 167.0∼285.0 220.9 (29.0)

3 Ka (θ3), h
−1 1.25 1.25

4 POD (θ4) −0.18 (0.024) −0.23∼−0.13 −0.18 (0.024)

5 Gender (θ5) 1.09 (0.050) 0.99∼1.19 1.09 (0.050)

6 WT (θ6) 0.46 (0.14) 0.19∼0.73 0.46 (0.14)

7 TBIL (θ7) −0.11 (0.024) −0.16∼−0.06 −0.11 (0.024)

8 MDR1 (θ8) −0.053 (0.009) −0.07∼−0.04 −0.053 (0.009)

9 Gender (θ9) 1.2 (0.098) 1.01∼1.39 1.2 (0.098)

10 ωCL, % 22.4 (11.1) 0.6∼44.2 16.1 (8.2) 0.03∼32.2 15.1 (2.2)

11 ωVd, % 32.1 (16.8) −0.8∼65.0 28.6 (13.4) 2.3∼54.9 26.8 (3.3)

12 σ, % 38.9 (9.8) 19.7∼58.1 33.6 (10.0) 14.0∼53.2 33.4 (1.4)
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subjects is about 29% and 31% lower than those of the
CGC/CGC group. Pgp is found to be distributed widely in
the brush border surface of the intestine, in the canalicular
surface of hepatocytes, and in the apical surface of

proximal tubular cells in the kidneys [46, 47]. Theoreti-
cally, both the absorption and the elimination of CsA can
be affected by MDR1 polymorphism. However, CsA is
extensively metabolized in vivo and less than 1% is
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excreted as the parent drug [48]. The role of MDR1
haplotypes in CsA absorption is more important. For
CGC/CGC patients, more CsA was excreted back to the
intestinal lumen. The F of CsA is lower for CGC/CGC
patients than for TTT/TTT patients, causing higher CL/F
and Vd/F for CGC/CGC patients.

Cyclosporine is the substrate of CYP3A and Pgp, and
potential drug interactions have been reported in previous
studies [49]. In this study, 38 patients using combined drugs
may have altered absorption and metabolism of CsA in a
certain period during therapy. At the time of administration,
the duration and dosage of the drugs introduced were
variable; thus, it is hard to test the coadministration of these
drugs as a covariate. Thus, we tested the model with or
without the patients who had coadministration of a certain
drug to see if there is a difference in the pharmacokinetic
parameters of the different models. We found that there is
no significant change in the parameters between different
models, so we did not consider drug interaction as a
covariate in this model. The reason may be that these drugs
are occasionally given, but the number of patients and
duration of drug used are limited. We also tested the dosage
of steroids as a covariate, and did not find any significant
improvement. The reason may be that the dosage regimen
of prednisolone for each patient was similar, the influence
of SXR on CYP3A and Pgp for each patient is comparable,
and hence the variation in CsA level caused by SXR is
limited. It should also be noted that MPA has the adverse
effect of causing diarrhea in some patients. This may be
another reason for the variation in CsA absorption. As there
are no complete data on the patients with abnormal
gastrointestinal function, we did not test the compound
use of MMF as a covariate. All these factors should be
evaluated in personalized CsA therapy.

It is accepted that AUC is a sensitive predictor of
outcomes such as acute rejection episodes and chronic
rejection [6, 7]. A full time point pharmacokinetic profile is
impractical because of the increased inconvenience and
costs to patients. C0, C2 or other blood sample-collecting
profiles are used to approximate the full time point AUC
[33]. In this study, we divided dosage by CL/F and obtained
AUC adjusted by F. We correlated AUC obtained through
Bayesian assay with C0, C2, and AUC estimated through
LSS, and found good correlation between AUC and C2 or
estimated AUC0–12. By using the Bayesian method, we
think that the AUC is more reliable and useful in CsATDM.

The major limitation of this study was the fixed sampling
time for CsA concentration. PPK studies ideally should
consist of concentration–time data obtained at randomized
times across a dosing interval. The data collected in the
present study are all C0 and C2 after the dose. Unfortunately,
because of the paucity of information in the early period
after administration, it was not possible to model the

absorption characteristics of CsA. Nevertheless, the use of
fixed Ka enabled us to model the data and obtain good
estimates for CL/F and Vd/F, which is valuable in the
regulation of CsA therapy. Besides, CsA was monitored by
FPIA in the present study, which is the most frequently used
method in the conventional TDM assay of CsA because it is
rapid, convenient, and less laborious. However, it should be
noted that FPIA and other immunoassays are rather nonspe-
cific compared with HPLC-UV or LC-MS because of the
possibility of cross-reacting with CsA metabolites. This may
be a cause of the relatively high residual error in this study.

In conclusion, in this study we established the PPK
model of CsA in patients after renal transplantation from
the early stage until 5 months after transplantation. We
found that besides POD, body weight, gender, and total
bilirubin, the MDR1 haplotype is also a significant
covariate for describing the CL/F and Vd/F of CsA.
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