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Abstract
Purpose Cyclosporine A (CyA), a potent immunosuppressive
agent used in renal transplantation, has a narrow therapeutic
window and a large variability in blood concentrations. This
study aimed to develop a population pharmacokinetic (PPK)
model of CyA in living-donor renal transplant patients at a
single center and identify factors influencing CyA pharmaco-
kinetics (PK).
Methods A total of 660 points (preoperative) and 4785 points
(postoperative) of blood concentration data from 98 patients
who underwent renal transplantation were used. Pre- and post-
operative CyAmodel structure and PPK parameters were sep-
arately estimated with a non-linear mixed-effect model, and
subsequently, covariate analysis of postoperative data were

comprehensively estimated, including preoperative PK
parameters.
Results A two-compartment model with first-order absorption
and absorption lag time was selected in this study. Aspartate
aminotransferase, body surface area (BSA), pretransplant area
under the whole blood concentration–time curve/dose, and
postoperative days were identified as the covariates on oral
clearance. BSAwas selected as a covariate of the distribution
volume of the central compartment. In addition, diabetes
mellitus was selected as a covariate of the first-order absorp-
tion rate.
Conclusions This PPK study used the largest number of blood
concentration data among previous reports of living-donor
renal transplant patients. Moreover, all patients received the
same immunosuppressive regimen in a single center.
Therefore, the validity of the selected covariates is reliable
with high precision. The developed PPK model and selected
covariates provide useful information about factors influenc-
ing CyA PK and greatly contributes to the identification of the
most suitable dosing regimen for CyA.
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Introduction

Acute allograft rejection is an extremely severe complica-
tion of organ transplantation and is associated with a re-
duction in patient survival rates [1]. Therefore, adequate
immunosuppression is one of the most important factors
in the management of transplant recipients [2].
Cyclosporine A (CyA), a calcineurin inhibitor, is a potent
immunosuppressive agent used in organ transplantation
(e.g., heart, liver, and kidney) [1, 3, 4]. However, CyA
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has a narrow therapeutic window and numerous factors
influence its pharmacokinetics (PK), including patient de-
mographics, diet, underlying disease, and concomitant
drugs [5, 6]. Thus, adjusting the CyA dosage is difficult.
Therefore, patients receiving CyA should be closely mon-
itored for treatment effectiveness; acute graft-versus-host
disease onset; and various adverse effects, such as CyA-
induced acute renal dysfunction and opportunistic infec-
tions [7, 8]. In contrast, daily monitoring of CyA AUC is
an impractical approach that requires multiple samplings
of at least three to four time points. A number of medical
institutions currently routinely monitor the predose
(trough, C0) and 2-h postdose (C2) CyA concentrations
as predictors for dose adjustment [9, 10]. Population PK
(PPK) is a useful and valid approach to estimate individ-
ual blood concentration–time profiles, which is a
Bayesian est imat ion from sparse data [11, 12] .
Numerous previous studies have developed the available
PPK models of CyA [13–16]; however, these studies re-
ported large inter-individual and inter-facility PK variabil-
ities. Nevertheless, there is currently little consensus re-
garding the covariates that influence CyA PK, suggesting
the influence of yet unidentified factors. This study also
considered preoperative PK as a candidate covariate be-
cause these data included the patients’ original PK char-
acteristics. If accurately predictable, it will also lead to
greater effectiveness and safety of immunosuppressive
therapy. The aims of this study were to develop a PPK
model of CyA in living-donor renal transplant patients
and identify factors influencing CyA PK by comprehen-
sive analysis at a single center.

Patients and methods

Patients and studies

This retrospective study included 660 points (preoperative)
and 4785 points (postoperative) of whole blood concentration
data from 98 patients with living-donor renal transplantation
who were treated with CyA at the University Hospital, Kyoto
Prefectural University of Medicine from February 2005 to
February 2013. Exclusion criteria were a history of functional
gastrointestinal disorders. The characteristics of the study pop-
ulation are presented in Table 1. All patients were treated with
the same immunosuppressive therapeutic regimen comprising
nifedipine (for renal hypertension), azole antifungal drugs,
and lafutidine (to prevent steroid-induced gastric ulceration).
The study protocol was approved by the Ethics Committee of
Kyoto Prefectural University of Medicine and was conducted
in concordance with the ICH Guidelines for Good Clinical
Practice [17]. In addition, informed consent was obtained
from all patients prior to participation in this study.

Immunosuppressive regimen of CyA

Immunosuppressive therapy was performed according to the
following regimen. Initial oral administration of CyA
(Neoral®; Novartis Pharmaceuticals, East Hanover, NJ,
USA) at a dose of approximately 12 mg/kg/day for 2–5 days
before transplantation (preoperative CyA administration). On
the day of transplantation, CyA (Sandimmun®; Novartis
Pharmaceuticals) was continuously infused at 4 mg/kg/day,
and after surgery, CyA (Neoral®) was orally administered
twice daily after meals at a dose of approximately 12 mg/kg/
day. The CyA dose was adjusted according to the collected
daily C0 (target range, 200–300 ng/mL) and weekly AUC0–9

(target range, 5000–6000 ng h/mL) [18]. On the day of trans-
plantation, methylprednisolone was also continuously infused
at 500 mg/day. Subsequently, prednisolone was orally
coadministered at 50 mg/day until postoperative day 3
(POD3), 40 mg/day (POD4–11), 30 mg/day (POD12–18),
25 mg/day (POD19–25), 20 mg/day (POD26–32), 15 mg/
day (POD33–39), and 10 mg/day (from POD40 onward). In
addition, azathioprine (1–1.5 mg/kg/day) or mycophenolate
mofetil (20–25 mg/kg/day) was added to the regimen on
POD21. This immunosuppressive CyA regimen was devel-
oped by the Department of Transplantat ion and
Regenerative Surgery, Kyoto Prefectural University of
Medicine.

Sample collection and bioanalysis of CyA

PK studies for determining AUC0–9 were performed from
the oral administration at weekly intervals pre- and post-
operatively. In all PK studies, a series of whole blood
samples were collected at 0, 1, 2, 3, 4, 6, and 9 h after
administration of CyA. AUC0–9 was calculated using the
linear trapezoidal rule up to the trough sampling point.

Table 1 Summary of postoperative demographics and clinical data of
the study population

Number of patients (male/female) 98 ( 65 / 33 )

Number of diabetes mellitus patients 20

Age (year) 45 [ 15 – 69 ]

Body weight (kg) 59.0 [ 35.5 – 84.0 ]

Body surface area (m2) 1.54 [ 1.17 – 1.91 ]

Hematocrit (%) 31.7 [ 19.4 – 48.3 ]

Aspartate aminotransferase (IU/L) 15 [ 2 – 173 ]

Alanine aminotransferase (IU/L) 21 [ 1 – 228 ]

Blood urea nitrogen (mg/dL) 23.6 [ 7.5 – 167 ]

Serum creatinine (mg/dL) 1.17 [ 0.51 – 19.4 ]

Cyclosporine A daily dose (mg) 350 [ 125 – 500 ]

Postoperative hospital stay (day) 35 [ 17 – 42 ]

Number of patients or median value [range]
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Furthermore, the C0 of CyA was monitored daily until
discharge. In this study, the PK of CyA in individual
patients was estimated at initiation of oral administration
(2–5 days before transplantation). All whole blood CyA
concentrations were determined using an antibody-
conjugated magnetic immunoassay with the Dimension
Xpand® system (Siemens Healthcare Diagnostics Inc.,
Deerfield, IL, USA). The lower limit of detection was
>25 ng/mL. The relative standard error (RSE) of inter-
and intra-assay reproducibility was 5–10% according to
the International Proficiency Testing Scheme (DW Holt,
Analytical Services International, Ltd., London, England).

PPK modeling

Pre- and postoperative CyA model structure and PPK pa-
rameters were separately estimated with a non-linear
mixed-effect model using Phoenix® NLME™ 1.4 soft-
ware (Certara LP, Princeton, NJ, USA), and PPK param-
eters were estimated by the first-order conditional
estimate-extended least squares method. Several compart-
ment models , inc luding one- , two- , and three-
compartment models with first-order absorption, with or
without an absorption lag time (T-lag), were evaluated on
the basis of likelihood ratio tests and visual assessment of
goodness-of-fit (GOF) plots. The results of likelihood ra-
tio tests were statistically evaluated by the chi-square test
of the difference in objective function value (OFV; 2 log-
likelihood) between the two nested models. A decrease in
OFV of >3.84 (P ≤ 0.05, one degree of freedom), 5.99
(P ≤ 0.05, two degrees of freedom), 6.63 (P ≤ 0.01, one
degree of freedom), and 9.21 (P ≤ 0.01, two degrees of
freedom) was required for confirmation. As a result of the
structural model selection, a two-compartment model with
first-order absorption and T-lag was the best fit for both
pre- and postoperative data (see below). The structural PK
parameters were the apparent CyA distribution of the vol-
umes of the central compartment [V1/F (L)] and periph-
eral compartment [V2/F (L)], first-order absorption rate
constant [Ka (h−1)], oral or distribution clearance [CL/F
or CLD2/F (L/h)], and T-lag (h). All inter-individual error
models were described using the following exponential
error model:

Pi ¼ θp � exp ηið Þ ð1Þ

where Pi is the PK parameter for the ith individual, θp is the
population mean value of the parameters, and ηi is a normally
distributed inter-individual random effect of mean 0 and var-
iance ω2. The residual error model was described using a
proportional error model as follows:

Cobs;ij ¼ Cpred;ij � 1þ εð Þ ð2Þ

where Cobs,ij and Cpred,ij are the jth observed and predicted
concentrations of the ith individual, respectively, and ε is a
normally distributed residual error with mean 0 and variance
σ2.

Covariate analysis

Covariate analysis of postoperative data was performed using
a stepwise forward addition procedure (P ≤ 0.05) followed by
a backward elimination procedure (P ≤ 0.01). The following
covariates were comprehensively evaluated: nine demograph-
ic parameters [including sex (male, 0; female, 1), age, height,
body weight (BW), bodymass index (BMI), lean body weight
(LBW), and body surface area (BSA)], 26 biological tests
[including hematocrit, aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), blood urea nitrogen (BUN), and
serum creatinine (SCr)], underlying diseases [including diabe-
tes mellitus (DM)], and POD. Furthermore, in this study, the
estimated individual preoperative PK parameters (structure
and secondary parameters) were also evaluated as candidate
covariates (Table 2). These preoperative PK parameters were
estimated by a post hoc method using the PPK models [12].
LBWand BSAwere calculated according to methods reported
by Yanaga [19] and Du Bois [20], [LBW (male) = 1.1 × total
B W − 0 . 0 1 2 8 × B M I ; L B W
( f ema l e ) = 1 . 07 × BW − 0 .0148 × BMI ; and
BSA = BW0.425 × height0.725 × 0.007184]. Some of the bio-
logical tests were classified as normal or abnormal (normal, 0;
abnormal, 1), according to the clinical examination guidelines
for JSLM2015. The cut-off values were <40% (male) or
<35% (female) for hematocrit, >35 IU/L for AST, >30 IU/L
for ALT, >20 mg/dL for BUN, and >1.0 mg/dL (male) or
>0.8 mg/dL (female) for SCr. Continuous covariates were
introduced using a power type (Eq. 3) or liner type (Eq. 4),
discrete covariates were introduced using a category type
(Eq. 5), and POD was introduced using the Michaelis–
Menten type (Eq. 6), as follows:

Power type Pi ¼ θp � COVi

COVmedian

� �θcov

ð3Þ

Linear type Pi ¼ θp þ θcov � COVi−COVmedianð Þ ð4Þ
Category type Pi ¼ θp � 1þ COVið Þθcov ð5Þ

Michaelis–Menten type Pi ¼ θp � θcov � COVi

θ0cov þ COVi
ð6Þ

where Pi is the PK parameter for the ith individual, θp is the
population mean value of the parameters, θcov and θ′cov are co-
efficients of the covariate, COVi is the covariate value for the ith
individual, and COVmedian is the median value of the covariates
in the study population (Tables 1 and 2). All of the selected
candidate covariates were evaluated according to the difference
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in the OFVand graphic inspection of the relationships between
estimated individual PK parameters and covariate plots.

Evaluation and validation of the PPK model

All candidate model structures and the accuracy of the PPK
parameters were evaluated and validated by the RSE% and η-
shrinkage for the estimated PPK parameters, likelihood ratio
test, GOF plots, non-parametric bootstrap method, and the
prediction accuracy test. The adequacy of the candidate and
final PPK model structures were visually evaluated by four
GOF plots: population prediction (PRED) vs. observation
(OBS), individual prediction (IPRED) vs. OBS, time after
dose (TAD) vs. conditional weighted residuals (CWRES),
and PRED vs. CWRES. The non-parametric bootstrap meth-
od was used to evaluate the precision and robustness of the
final PPK model. A total of 1000 replicated datasets were
reconstructed by random sampling with replacement from
the original dataset. Median values and 95th percentile confi-
dence intervals (95th CI) of estimates obtained from the boot-
strap replications were compared with those obtained from the
original dataset. The prediction accuracy test of all blood con-
centrations of CyAwas assessed by the percentage mean pre-
diction error (MPE, bias) and the percentage mean absolute
prediction error (MAPE, precision), respectively [24]:

MPE ¼ 1

N
� ∑

N

i¼1

X obs;i−X pred;i

X obs;i
� 100 ð7Þ

MAPE ¼ 1

N
� ∑

N

i¼1

X obs;i−Xpred;i

X obs;i

����
����� 100 ð8Þ

where N indicates the total number of observations and
Xobs,i and Xpred,i represent individual observations and the cor-
responding prediction of all blood concentrations of CyA,
respectively. C0 and AUC0–9, as target indicators, were also
evaluated by the same prediction accuracy test.

Results

Demographics and patient disposition

Patient characteristics are summarized in Table 1. Only BUN
and SCr showed a marked improvement at POD7 as compared
with preoperative data, whereas there was no significant differ-
ence in any other patient characteristics (according to the one-
way repeated measures analysis of variance followed by the
Tukey’s test). Moreover, there was no significant difference in
the postoperative characteristics between patients with andwith-
out DM (by unpaired t test). A total of 660 points (preoperative)
and 4785 points (postoperative) of dose-normalized whole
blood concentration data obtained from 98 patients are shown
in Fig. 1; both groups exhibited high inter-patient variability.
The percentages within the target C0 range and AUC0–9 range
of CyAwere 60.7% (below the target range, 23.0%; above the
target range, 16.2%) and 54.5% (below the target range, 8.50%;
above the target range, 36.4%), respectively.

Table 2 The basic model
population and individual
pharmacokinetic parameters of
cyclosporine A in preoperative
patients

Parameter (Unit) Population mean Inter-individual
variability

Individual parameters

Estimate RSE (%) Estimate (%) RSE (%) Median [Range]

Structure parameters

Pre–V1/F (L) 95.5 5.64 4.77 30.6 95.6 [93.0–96.2]

Pre–Ka (h−1) 1.10 9.36 64.4 16.1 1.18 [0.311–4.33]

Pre–T-lag (h) 0.813 6.35 12.8 14.5 0.815 [0.715–1.00]

Pre–CL/F (L/h) 25.2 4.71 37.7 15.8 26.6 [12.0–45.9]

Pre–V2/F (L) 256 16.2 25.2 34.5 258 [195–369]

Pre–CLD2/F
(L/h) 18.1 6.32 45.1 22.5 17.4 [9.79–33.4]

Residual variability

σ (%) 26.8 8.23

Secondary parameters

Pre–half life (h) 2.47 [1.35–6.91]

Pre–AUC
/dose

(h/L) 0.0247 [0.0146–0.0459]

AUC area under the whole blood concentration–time curve, CL/F oral clearance, CLD2/F distribution clearance,
Ka first-order absorption rate constant, RSE% relative standard error, T-lag absorption lag time, V1/F distribution
volume of central compartment, V2/F distribution volume of peripheral compartment, σ associated variance of the
residual error variable (ε)
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Final PPK model of CyA

The estimated PPK parameters obtained from the final
PPK model are summarized in Table 3. As a result of
the likelihood ratio tests and visual assessment of GOF
plots, the best fit model was a two-compartment model
with first-order absorption and T-lag in both pre- and
postoperative analysis. The covariate evaluation and esti-
mated covariate parameters obtained from the final PPK
model are summarized in Tables 3 and 4. Candidate co-
variates were comprehensively analyzed. Table 4 shows
the final selected covariates. AST, BSA, pre-AUC/dose,
and POD were identified by stepwise selection as covar-
iates of CL/F. BSA was selected as a covariate of V1/F. In
addition, DM was selected as a covariate of Ka.

Validation of the PPK model

The GOF plots of the final PPK model are shown in
Fig. 2. The plots of PRED vs. OBS and IPRED vs. OBS
were symmetrically distributed and close to the identity
line at Y = X (Fig. 2(i, ii)), indicating good prediction.
The plots of TAD vs. CWRES and PRED vs. CWRES
showed no trend and were randomly scattered around
the identity line at CWRES = 0 (Fig. 2(iii, iv)), indicating
the suitability of the error model for this study population.
The RSE% and η-shrinkage results for the estimated PPK
parameters and bootstrap validation are presented in
Table 3. The ranges of RSE% and η-shrinkage for the
estimated PPK parameters were 1.51–8.13% and 7.2–
35.8%, respectively. All PPK parameters were very close
to the median values obtained from the bootstrap replica-
tions (n = 1000; success rate, 100%) and fell within the
95th CI, indicating good robustness and accuracy of the
final PPK model. The prediction accuracy test results of
the basic and final PPK models are shown in Table 5.
MPE and MAPE of the final PPK model were both closer
to 0% than those of the basic PPK model, also indicating
high prediction accuracy of the final PPK model.

Discussion

In this study, a PPK model of CyA in Japanese patients who
underwent living-donor renal transplantation in single center
was developed by comprehensive analysis. This two-
compartment model with first-order absorption and T-lag
was analyzed by the blood concentration data of 5445 points
from 98 patients. This population size is the largest reported
yet; therefore, these results are highly reliable and precise. The
estimated pre- and postoperative population means of CyA
PPK parameters were similar to those of previous studies
using the same model [13]. On the other hand, there was a
significant difference between the estimated individual pre-
and postoperative PK parameters of V1/F, T-lag, and V2/F
(P ≤ 0.01 by paired t test). Thus, the various treatments during
renal transplant have an influence on CyA PK (absorption and
distribution).

Orally administered CyA is absorbed from the upper part
of the small intestine as a microemulsion [21]. Most of the
absorbed CyA is subsequently metabolized by hepatic cyto-
chrome P450 (CYP) and excreted via the biliary route [22];
therefore, DM and AST were statistically significant covari-
ates associated with a decrease in Ka and CL/F, respectively.
PK alteration of various drugs has been reported in DM [23,
24]. For example, P-glycoprotein (P-gp) expression in intesti-
nal epithelial cells is involved in intestinal absorption of CyA,
a P-gp substrate. In particular, P-gp expression is reportedly
induced by type 2 DM [25]. Thus, DM was selected as a
covariate of Ka. The CL/F of CyA decreased with increasing
AST, reflecting hepatic dysfunction. In many cases, the met-
abolic capacity of CyA is decreased by hepatic dysfunction;
thus, AST was selected as a covariate of CL/F. However, the
influence of DM or elevated AST on CyA PK was relatively
small as either covariate led to a reduction of approximately
0.8 times. Conversely, we have experienced that DM patients
are susceptible to alterations of the CyA absorption phase,
including absorption delays and peak blood concentration re-
ductions. Thus, caution is required when treating patients with
DM or acute/chronic hepatic injury with CyA.

Fig. 1 Pre- and postoperative
dose-normalized blood
concentration–time profiles of
cyclosporine A (CyA). i
Preoperative data. ii Postoperative
data
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Anthropometric parameters are correlated with drug distri-
bution and metabolism. Covariate analysis showed that BSA
was a highly significant factor influencing CL/F and V1/F. In
fact, BSA induced up to 1.5 and 2.7 times difference in CL/F
and V1/F, respectively (Table 3). BW is the most widely used
marker for dose adjustment of drugs. It reported that BW
influences V1/F and/or CL/F of CyA [13–15]; however, BW
does not adequately reflect other patient characteristics, such
as body fluid volume and body fat percentage. Conversely,
BSA is highly correlated with several physiological functions
[26, 27]. CyA is well distributed in fat tissue [28]. In fact, BSA
is better correlated with body fat percentage [29]. Further,
BSA is reportedly a significant covariate of CL [30]. Thus,
the results of the present and previous studies suggest that
BSA is a more important factor of dose adjustment of CyA
than BW.

If the inter-individual variability of a drug can be complete-
ly explained by any covariate; the individual dosing strategy

of a drug would be markedly improved. Preoperative infor-
mation on the inter-individual variability of CyA PK may be
useful for the dosing strategy after renal transplantation.
Because numerous known and unknown factors may be in-
volved, it is impractical and difficult to predict the inter-
individual variability before renal transplantation. Therefore,
in this study, the individual PK parameters of CyA before
renal transplantation (preoperative PK parameters) were eval-
uated as a covariate of the postoperative PPK. Herein, pre-
AUC/dose, which well reflects the blood clearance of drugs,
was found to be a statistically significant covariate of postop-
erative CL/F (Table 4). Likewise, due to the above reasons, it
is considered that the numerous known covariate factors, such
as hematocrit, polymorphisms of CYP3A5, and underlying
diseases [15], were not selected as covariates of CL/F.

CyA PK is known to change with the postoperative course.
There have been several conflicting studies about the change
to CyA PK with POD [14–16]. Irtan et al. [16] reported a

Table 3 The final model
population pharmacokinetic
parameters and bootstrap
validation of cyclosporine A in
postoperative patients

Parameter
(unit)

Postoperative dataset Bootstrap replication Residuala

(%)
Estimate RSE

(%)
Shrinkage
(%)

Median 95th CI [2.5th–
97.5th]

Population mean
V1/F = θ1 × (BSA / 1.54)θ7

θ1 (L) 77.7 3.21 77.9 [44.4–86.5] −0.335
θ7 (–) 2.01 2.14 2.04 [1.47–2.87] −1.52

Ka = θ2 × (1 + DM)θ8

θ2 (/h) 0.954 5.44 0.951 [0.544–1.19] 0.307
θ8 (–) −0.284 3.39 −0.286 [−0.411–-0.110] −0.593

T-lag = θ3
θ3 (h) 0.530 3.21 0.546 [0.472–0.610] −3.10

CL/F = θ4 × (1 + AST)θ9 × (BSA / 1.54)θ10 × (pre–AUC/dose / 0.0247)θ11 × [(POD × θ12) / (POD + θ13)]
θ4 (L/h) 17.1 1.51 16.9 [1.46–18.4] 0.827
θ9 (–) −0.164 3.65 −0.165 [−0.417–-0.0538] −0.541
θ10 (–) 0.766 1.76 0.774 [0.510–1.28] −1.04
θ11 (–) −0.397 1.70 −0.399 [−0.499–-0.277] −0.332
θ12 (–) 1.47 1.38 1.48 [1.34–1.71] −0.954
θ13 (day) 0.706 2.70 0.701 [0.0524–1.21] 0.833

V2/F = θ5
θ5 (L) 2804 2.83 2759 [2017–3226] 1.62

CLD2/F = θ6
θ6 (L/h) 18.3 2.66 18.2 [16.8–19.5] 0.288

Internal-individual variability
V1/F (%) 13.4 5.08 35.8 13.7 [8.31–35.6] −2.46
Ka (%) 38.6 8.08 20.2 37.4 [7.74–53.0] 3.16
T-lag (%) 40.5 4.72 18.0 40.5 [30.3–52.3] 0.122
CL/F (%) 18.6 8.13 7.20 18.0 [15.0–21.6] 3.49
V2/F (%) 58.1 5.65 11.0 58.4 [50.4–72.9] −0.377
CLD2/F (%) 30.1 5.70 13.1 30.7 [26.0–34.9] −1.92

Residual variability
σ (%) 26.6 2.48 26.5 [25.3–27.6] 0.208

95th CI 95th percentile confidence interval of bootstrap estimates, AST aspartate aminotransferase, AUC area
under the whole blood concentration–time curve, BSA body surface area, CL/F oral clearance, CLD2/F distribu-
tion clearance, DM diabetes mellitus, Ka first-order absorption rate constant, POD postoperative day, RSE%
relative standard error, T-lag absorption lag time, V1/F distribution volume of central compartment, V2/F distri-
bution volume of peripheral compartment, θ population mean value of the parameters; σ, associated variance of
the residual error variable (ε)
a Residual (%) = (estimate value of original data–bootstrap median values) / estimate value of original data × 100
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statistically significant increase in CL/F with POD after renal
transplantation. In contrast, Wu et al. [14] suggested a de-
crease in CL/F by an increase in bioavailability with POD
after renal transplantation. However, no final consensus has
yet been reached. Our results, which showed increasing CL/F

with POD, are more reliable than those of previous studies
because of the larger population size. In our comprehensive
analysis, CL/F was the most significant covariate of
Michaelis–Menten type (Table 4). The estimated values of
CL/F and θ12 (maximum effect of CL/F) were 17.1 L/h and
1.47, respectively (Table 3), i.e., the estimated CL/F with suf-
ficient elapsed time approached 25.2 L/h. The estimated value
of θ13 (the time required to obtain 50% of θ12) was
0.706 days (Table 3). This result shows that it takes approxi-
mately 7 days after renal transplantation for CL/F to recover to
>90%. That is, more careful monitoring of CyA blood con-
centrations should be performed at an early phase after renal
transplantation. Herein, BUN and SCr, which are indicators of

Table 4 Covariate model
development and evaluation of
cyclosporine A

Model no. Model Covariate type ΔOFV

Basic model

0 No covariate – –

Forward addition

1 Model–0 + POD on CL/F Michaelis–Menten −130
2 Model–1 + BSA on V1/F Power −38.1
3 Model–2 + pre–AUC/dose on CL/F Power −26.4
4 Model–3 + BSA on CL/F Power −20.1
5 Model–4 + AST on CL/F Category −14.0
6 Model–5 + DM on Ka Category −8.67

Backward elimination

7 Model–6 − POD on CL/F Michaelis–Menten 129

8 Model–6 − BSA on V1/F Power 40.2

9 Model–6 − pre-AUC/dose on CL/F Power 31.9

10 Model–6 − BSA on CL/F Power 20.0

11 Model–6 − AST on CL/F Category 10. 9

12 Model–6 − DM on Ka Category 8.67

ΔOFV difference in objective function value, AUC area under the whole blood concentration–time curve, BSA
body surface area; CL/F oral clearance, DM diabetes mellitus; Ka first-order absorption rate constant, POD
postoperative day

Fig. 2 Goodness-of-fit plots for a population pharmacokinetic model. i
PRED vs. OBS. ii IPRED vs. OBS. iii TAD vs. CWRES. iv PRED vs.
CWRES. Solid lines (i, ii) represent Y = X and (iii, iv) zero conditional
residuals; dashed lines (iii, iv) represent ±2 SD. CWRES conditional
weighted residuals, IPRED individual predictions, OBS observations,
PRED population predictions, TAD time after dose

Table 5 The prediction accuracy test of basic and final population
pharmacokinetic model

MPE [95th CI] MAPE

Basic model

All blood concentration (n = 4677) 12.2 [−65.3–136] 36.3

Trough concentration (n = 1823) 20.0 [−46.7–165] 37.9

AUC0–9 (n = 345) 8.72 [−47.5–79.5] 24.5

Final model

All blood concentration (n = 4677) −0.500 [−65.5–84.0] 28.4

Trough concentration (n = 1823) 1.22 [−47.8–85.4] 27.2

AUC0–9 (n = 345) −2.71 [−40.4–35.3] 17.4

95th CI 95th-percentile confidence interval, AUC0–9 area under the whole
blood concentration–time curve from time 0 to 9 h, MAPE percentage
mean absolute prediction error (precision),MPE percentage mean predic-
tion error (bias)
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renal function, showed a Michaelis–Menten type improve-
ment by POD (data not shown). Furthermore, BUN and SCr
were s ignif icant ly improved af ter POD7 (BUN,
29.3 ± 0.9 mg/dL; SCr, 1.14 ± 0.04 mg/dL) as compared with
immediately before renal t ransplantat ion (BUN,
53.3 ± 2.5 mg/dL; SCr, 9.46 ± 0.38 mg/dL). These results
were in accordance with the recovery period (approximately
7 days) of CL/F in our study. Recovery of renal function
reflects renal engraftment. Thus, renal engraftment may be a
factor influencing the recovery of CyA CL/F in the post-
transplantation period. Conversely, CYP3A inhibitors, such
as coadministered prednisolone, have the potential to decrease
the CL/F of CyA by competitive antagonism [31, 32]. The
estimated CL/F on POD showed a weak correlation with the
dose reduction of prednisolone, which may be the reason for
the correlation of CL/F with POD. In addition, postoperative
feeding and activities of daily living, a factor of alternating
CyA PK, improved with time, which might be the reason for
the correlation of CL/F with POD. These results suggest that
POD is an important factor for dose adjustment of CyA in the
post-transplantation period.

To the best of our knowledge, this PPK study used the
largest number of blood concentration data among previous
reports of living-donor renal transplant patients; moreover, all
patients received the same immunosuppressive regimen in a
single center. Therefore, the validity of the selected covariates
is reliable with high precision. Furthermore, this study was the
first to attempt a comprehensive analysis of preoperative PK
data. In conclusion, several factors were found to influence
CyA PK. AST, BSA, POD, and pre-AUC/dose were influen-
tial covariates of CL/F, and BSA and DM were influential
covariates of V1/F and Ka, respectively. The developed PPK
model and selected covariates provide useful information
about factors influencing CyA PK and greatly contributes to
identifying the most suitable CyA dosing regimen.
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