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Introduction
Aplastic anemia is defined as peripheral blood pancytopenia 
caused by bone marrow failure.  Severe aplastic anemia is a 
life-threatening disorder with an overall mortality of 75%[1].    
The definitive therapy for severe aplastic anemia is hematopoi-
etic stem cell transplantation.  Ciclosporin in association with 
antithymocyte globulin and steroids is an alternative thera-
peutic option for patients for whom there are no human leu-
kocyte antigen (HLA)-identical related stem cell donors[2].

After absorption in the duodenum and the jejunum, 
ciclosporin binds primarily to lipoproteins and erythrocytes, is 
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widely distributed in the body, and is metabolized by CYP3A4 
and CYP3A5 (mainly in the liver and, to a lesser extent, in 
the intestine and kidneys).  The main route of elimination is 
via the biliary tract[3].  Ciclosporin has a narrow therapeutic 
index and high inter-individual pharmacokinetic variability, 
making individualized therapy essential for treatment suc-
cess.  In current clinical practice, most centers use whole blood 
trough concentrations (C0) to adjust the individual dose.  The 
primary goal is to maintain C0 within a predefined therapeutic 
range.  Concentration-controlled dosage adaptation is often 
performed.  However, despite widespread use of this strat-
egy, it is still difficult to quickly determine a stable dose that 
will achieve the target C0 because of numerous demographic, 
biological and clinical factors influencing ciclosporin pharma-
cokinetics, including weight, age, serum creatinine and con-
comitant medication[4].  Therapeutic drug monitoring (TDM) is 
mandatory for pediatric patients, who exhibit wider pharma-
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cokinetic variability than adults[5].
Population pharmacokinetics, which integrates different 

effects of variables on drug exposure, has great potential for 
dosage individualization[6].  The population pharmacoki-
netic approach has been used for determining the ciclosporin 
dose in children who have received a transplant[7–9].  How-
ever, pharmacokinetic data for children with aplastic anemia 
are limited, and a population pharmacokinetic analysis of 
ciclosporin has not been conducted in this critical population.  
A thorough understanding of the developmental aspects (ie, 
the impact of age on ciclosporin clearance) and quantification 
of the influences of different clinical and biological covariates 
are required to individualize ciclosporin therapy.  

The aims of our study were to develop a population phar-
macokinetic model of ciclosporin, using a large TDM database, 
in children with aplastic anemia and to identify the covariates 
influencing ciclosporin pharmacokinetics.

Patients and methods
Patients
Children with either acquired or congenital aplastic anemia 
were considered for inclusion in this observational population 
pharmacokinetic study if at least one ciclosporin blood con-
centration was assayed for TDM.  The study was undertaken 
in the Children’s Hospital of Zhejiang University, Hangzhou, 
China.  

Ciclosporin (gelatin capsule or liquid solution, NEOCYSPIN, 
microemulsified formulation, Hangzhou, China) was given 
orally twice daily with an initial dose of 2.5 mg/kg.  Dosage 
adjustment was based on TDM results to achieve a target C0 
of 200 ng/mL[10].  The concentration of ciclosporin was deter-
mined after at least 10 days of consistent administration in 
order to reach the steady state.  

The following data were collected: detailed dosing history, 
age, gender, body weight, type of disease, white blood cell 
count, absolute neutrophil count, hemoglobin level, platelet 
count, serum creatinine concentration and concomitant medi-
cations.  Patients with incomplete information and patients 
who did not comply with treatment were excluded.  This clini-
cal trial was designed in accordance with legal requirements 
and the Declaration of Helsinki and was approved by the local 
ethics committee.

Assay of ciclosporin 
Ciclosporin blood concentrations were determined by fluores-
cence polarization immunoassay technology FPIA (TDX/FLX; 
Abbott Laboratories, Abbott Park, IL, USA).  The lower limit 
of quantification was 25 ng/mL, and the linearity ranged from 
25 to 1500 ng/mL, with a coefficient variation of less than 4%.

Pharmacokinetic analysis
Pharmacokinetic analysis was carried out using the nonlinear 
mixed effects modeling program NONMEM VI (V2.0; Icon 
Development Solutions, USA).  The first-order conditional 
estimation (FOCE) method with the interaction option was 
used to estimate pharmacokinetic parameters and associated 

variability.  
The one-compartment open model with first-order elimi-

nation was tested.  Inter-individual variability of the phar-
macokinetic parameters was estimated using an exponential 
model expressed as follows:

θi=θ×exp(ηi
θ)

where θ is the typical population value of the pharmacokinetic 
parameter and ηi

θ is the difference between the log-trans-
formed individual-specific parameter and the log-transformed 
parameter for the typical individual and represents the ran-
dom effect for parameter θ in patient i.  The ηi

θ values are 
independent, identically distributed random variables that are 
normally distributed around 0 with variance ω2, and i is the 
variable for the ith individual.  

Residual variability (additive, proportional, exponential or 
mixed) models were selected according to improvement of the 
objective function value (OFV) and visual inspection of routine 
diagnostic plots, including observed (DV) versus individual 
prediction (IPRED), DV versus population prediction (PRED) 
and conditional weighted residuals (CWRES) versus PRED.

Covariate analysis
The relationship between body weight and pharmacokinetic 
parameters was modeled with the following equation:

Pi=Pstd×(WTi/WTstd)PWR

where Pi is the pharmacokinetic parameter of the ith indi-
vidual, WTi is the body weight of the ith individual and Pstd is 
the parameter of an individual with a body weight WTstd of 70 
kg.  The PWR is the allometric coefficient: 0.75 for the apparent 
clearance (CL/F) and 1 for the apparent volume of distribu-
tion (V/F)[11, 12].

The additional effects of age, gender, white blood cell count, 
absolute neutrophil count, hemoglobin level, platelet count, 
serum creatinine concentration and concomitant medication 
(prednisone and stanozolol) were investigated as potential 
variables influencing pharmacokinetic parameters.  

The selection of variables was determined using a forward 
and backward selection process.  The OFV determined by 
NONMEM was used as a diagnostic criterion, with a ΔOFV of 
3.84 points corresponding to a statistically significant differ-
ence between hierarchical models (P=0.05, χ2 distribution with 
one degree of freedom).  The contribution of each covariate 
was confirmed by a stepwise backward deletion (ΔOFV=6.64, 
P=0.01, χ2 distribution).

Model validation
The stability and performance of the final model were 
assessed by means of an internal validation method involv-
ing a nonparametric bootstrap with re-sampling and replace-
ment.  Re-sampling was repeated 500 times, and the values of 
the estimated parameters from the bootstrap procedure were 
compared with those estimated from the original data set.  
The entire procedure was performed in an automated fashion, 
using Perl-speaks-NONMEM (PsN)[13].

Simulation-based diagnostics were performed by using 
normalized prediction distribution errors (NPDE)[14].  The 
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dataset was simulated 500 times using the final population 
pharmacokinetic parameters (typical PK parameters, inter- 
and intra-individual variability and residual error).  For 
NPDE, a cumulative distribution was assembled for each 
observation with the 500 simulated concentrations.  The 
NPDE is expected to follow the N(0,1) distribution[15].  The 
following graphs were plotted using an NPDE R package 
(v1.2): (i) QQ-plot of the distribution of the NPDE versus the 
theoretical N(0,1) distribution; (ii) histogram of the NPDE.   

Predictive performance 
The predictive performance of the developed model was eval-
uated using the following simulation scenario[16]: 

ten percent of children (n=10) were randomly removed 
from the dataset.  The parameters for the remaining children 
(n=92) were re-estimated.  The new model was employed to 
predict the C0 of the 10 children who were not used for the 
re-estimation of the parameters.  An NPDE was assembled for 
each observation with the 500 simulated concentrations.

Results
One hundred and two children with aplastic anemia were 
recruited for this population pharmacokinetic study between 
2003 and 2009.  The mean±SD age was 8.8±3.6 years (range 
0.9–17.6), and the mean±SD body weight was 31.3±12.7 kg 
(range 6.5–69.0).  The children’s characteristics are shown in 

Table 1.  

Population pharmacokinetic modeling
A total of 592 trough blood ciclosporin concentrations were 
available for population modeling (a mean of 6 samples per 
patient).  The median (range) of TDM sampling time was 12.1 
(10.0–16.0) h post-dose.  Inter-individual variability was best 
described by an exponential model and was then estimated for 
the absorption rate constant (Ka) and apparent oral clearance 
(CL/F).  The typical Ka value of 0.68 h-1 was fixed according 
the previously reported value[6].  Adding a lag time did not 
improve the model’s performance, as judged by the OFV and 
routine goodness-of-fit plots.  Residual variability was best 
described by a combined proportional and additive model.

After incorporating body weight into the model structure 
using allometric scaling factors (0.75 for CL/F and 1 for V/F), 
the OFV significantly decreased, by 15.9.  In forward selection 
processes, influence of body weight, serum creatinine, stano-
zolol, prednisone and absolute neutrophil count on the CL/F 
produced significant decreases in the OFV.  In the backward 
selection process, only the significant covariates of weight, 
serum creatinine and stanozolol were retained (Table 2).  

The weight-normalized apparent clearance (CL/F) was 
0.45 (range: 0.27–0.70) L·h-1·kg-1.  Figure 1 shows the relation-
ship between age and body weight on the allometric weight-
normalized CL/F.  After incorporation of body weight with 

Table 1.  Baseline characteristics of 102 children.

                                                                                      Number                   Mean                    SD                Median                    Range 
 
 Demographics     
 No of patients 102    
 Gender (male/female)   48/54    
 Age (year)       8.8   3.6      8.7   0.9–17.6
 Body Weight (kg)     31.3 12.7   29.8   6.5–69.0
     
 Pharmacokinetic data     
 No of samples 592    
 Dose (mg/d)  160 65 150    30–375
 Dose (mg·kg-1·d-1)       5.3   1.7      5.0   2.4–13.2
     
 Clinical laboratory data     
 Serum creatinine (µmol/L)    48.8 18.8   44.2   5.8–120.0
 White blood cell (109/L)      5.7   2.2     5.3   2.4–14.4
 Absolute neutrophil count (109/L)   3.0     2.4   2.5 0.3–13.1
 Hemoglobin (g/L)    98 24 100    32–148
 Platelet (109/L)    64 51   48    10–241
     
 Concomitant medication     
 Prednisone   79    
 Dose of prednisone (mg/d)      9.2   5.6     8.8 0.25–30
 Stanozolol   78    
 Dose of stanozolol (mg/d)      3.1   1.6     3.0   0.5–8
 Triamcinolone     1    
 Testosterone undecanoate     4    
 Dexamethasone     1    
 Methylprednisolone     1
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allometric scaling, there was no effect of age on the CL/F.
Routine diagnostic plots, including observed versus indi-

vidual prediction, observed versus population prediction and 
conditional weighted residuals versus population prediction, 
indicate goodness of fit (Figure 2).  The mean parameter esti-
mates resulting from the bootstrap procedure very closely 
agreed with their respective values from the final popula-
tion model, indicating that the estimates for the population 
pharmacokinetic parameters in the final model were accurate 

and that the model was stable.  The results of 500 bootstrap 
replicates are summarized in Table 3.  The NPDE is presented 
in Figure 3.  The Shapiro-Wilk test of normality was signifi-
cant, but significance is often observed when analyzing a 
large number of observations[17]. Apart from a few outliers, 
the NPDE plots did not pinpoint a particular deficiency in the 
model.  The good predictive performance of the developed 
model in predicting C0 is shown in the simulation scenario 
described above.  The mean and variance of the NPDE were 
-0.19 (Wilcoxon signed rank test, P=0.08) and 1.05 (Fisher vari-
ance test, P=0.75), respectively.  The NPDE is normally distrib-
uted (Shapiro-Wilk test, P=0.22) and is presented in Figure 4.  
The individual predicted concentrations are significantly 
correlated with observed concentrations, with a correlation 
coefficient of 0.796 (P<0.01, Pearson test).  The difference is not 
significant between the two groups (P=0.627, paired t test).

Discussion
This first population pharmacokinetic study of ciclosporin 
in children with aplastic anemia was undertaken to describe 
the pharmacokinetics of ciclosporin in this special population 
and to evaluate the influence of developmental, biological and 
clinical factors affecting drug exposure.  Our results showed 
that a one-compartment model with first-order absorption and 
elimination was adequate for data modeling and that body 
weight, serum creatinine concentration and stanozolol admin-
istration had significant impacts on CL/F.

The estimated CL/F in children with aplastic anemia 
was comparable with that reported in children before renal 
transplantation but seems to be lower than that reported in 
children after stem cell or renal transplantation (Table 3).  

Figure 1.  Individual ciclosporin clearance (normalized to weight or 
allometric weight) plotted against age.

Table 2.  Population pharmacokinetic parameters of ciclosporin and bootstrap results (n=500).

                                                                                               
PK parameters          RSE (%)

                                         Bootstrap
                                                                                                                       Median        2.5th                     97.5th 
 
 Absorption rate constant (h-1) Ka 0.68 (Fixed) -     0.68  
 Apparent volume of distribution (L) V/F    
 V=θ1×(Bodyweight/70)     
     θ1 178 31.4 171 100 331
 Apparent clearance (L/h) CL/F     
 CL=θ2×(Bodyweight/70)0.75×RF×Fstanozolol

         θ2   31.5 18.8   30.9   21.6   42.8
   RF=1-(CREA/44)×θ3     
       θ3     0.0821 22.2     0.0802     0.0398     0.1139
       Fcomedication     0.83   5.1     0.84     0.75     0.93 
 Inter-individual variability (%)     
     Ka   58.5 59.1   59.5   19.6   95.8
     CL/F   12.8 39.5   12.1     7.6   17.5
 Intra-individual variability (%)     
     CL/F     9.4 35.5     9.3     6.1   12.7
 Residual variability     
 Proportional (%)   22.4 20.0   22.0    17.8   26.7
 Additive (ng/mL)   34.1 35.5   34.2    15.0   47.7

RSE, relative standard error; RF, renal function; CREA, serum creatinine concentration (µmol/L).
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In accord with the principles of allometry and the approach 
adopted by Fanta et al in studying pediatric renal transplant 
recipients[7], we developed an allometry-based population 
pharmacokinetic model for ciclosporin: body weight was 
incorporated with allometric coefficients of 0.75 for CL/F 
and 1 for V/F[11].  The allometric approach was confirmed by 
estimating the CL/F of a patient with a 70 kg standard body 
weight: the estimated CL/F of 31.5 L/h was in agreement with 
the published CL/F values for adults[18, 19].  After incorporating 

body weight into the model, age did not significantly influ-
ence the CL/F, which was in agreement with previous results 
in pediatric renal (pre-) transplant patients[7, 8].

The effect of renal function on ciclosporin CL/F is contro-
versial.  No significant effect was revealed in children after 
renal and stem cell transplantation[8, 9].  In contrast, Fanta et 
al reported a significant effect of serum creatinine on CL/F 
in renal pre-transplant children[7].  It has been demonstrated 

Figure 2.  Diagnostic goodness-of-fit plots, including observed (DV) versus individual prediction (IPRED), DV versus population prediction (PRED) and 
conditional weighted residuals (CWRES) versus PRED.

Table 3.  Population pharmacokinetic parameters of ciclosporin and bootstrap results (n=500).  Values are expressed as mean (range).  

                                                          Stem cell transplant                        Renal transplant                        Renal pre-transplant               Children with aplastic
                                                                   children[9]                                      children[8]                                     children[7]           anemia (present study)
 
 Number of patients    17    98  166  102
 Age (year)   8.8 (1–16)   9.7 (1.5–20.7)   6.3 (0.36–17.5)   8.8 (0.9–17.6)
 Weight 32.4 (13–58) 35.2 (10.4–73.8) 22.2 (6.9–64) 31.3 (6.5–69.0)
 CL/F (L/h) 29.3 (F=38.6%) 23.1 16.9 (F=36%) 15.1 (3.8–27.5)
 CL/F/WT (L·h-1·kg-1)     –    –    – 0.45 (0.27–0.70)
 V/F (L) VC/F=42.7; VP/F=155.2  VC/F=70.3; VP/F=200 VC/F=14.7; VP1/F=54.4;  89.1 (16.5–213.1)
  (F=38.6%)  VP2/F=12.2 (F=36%)
 V/F/WT (L/kg)     –    –    –   2.54

VC, central volume of distribution; VP, peripheral volume of distribution; F, bioavailability.

Figure 3.  Normalized prediction distribution errors (NPDE) analysis of 
the final model.  NPDE: QQ-plot of the distribution of the NPDE versus the 
theoretical N(0, 1) distribution.  Histogram of the distribution of the NPDE, 
with the density of the standard Gaussian distribution overlaid.

Figure 4.  Normalized prediction distribution error (NPDE) analysis of 
the developed model in 10 patients.  NPDE: QQ-plot of the distribution 
of the NPDE versus the theoretical N(0,1) distribution.  Histogram of 
the distribution of the NPDE, with the density of the standard Gaussian 
distribution overlaid.
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that renal dysfunction decreases hepatic drug-metabolism 
enzyme activities, including CYP3A4, in patients with kid-
ney disease[20, 21].   The correlation between renal function and 
CYP3A4 activity remains to be confirmed in patients undergo-
ing ciclosporin therapy.

Children undergoing immunosuppressive therapy often 
take steroids[22, 23].  In vitro studies have shown that steroids 
are substrates, inducers and inhibitors of CYP3A. Steroids 
reduce the CYP450 3A metabolism of ciclosporin via competi-
tive inhibition[24].  Numerous in vivo studies have examined 
the effects of steroids (methylprednisolone, prednisolone, or 
prednisone) on ciclosporin concentrations in adult patients; 
however, controversial results have been reported[25].  In the 
present study, 6 different steroids (prednisone, stanozolol, 
triamcinolone, testosterone undecanoate, methylprednisolone 
and dexamethasone) were co-administered with ciclosporin, 
but only prednisone and stanozolol were tested in the model, 
as there were sufficient samples to test them.  Prednisone and 
stanozolol showed significant effects in the forward covari-
ate selection process, while only stanozolol was retained after 
backward selection, indicating that stanozolol significantly 
inhibited CYP3A4-mediated ciclosporin metabolism in chil-
dren.  Careful monitoring of ciclosporin concentrations and 
dosage adjustment based on TDM results is mandatory when 
ciclosporin and stanozolol are coadministered.

Our study has some limitations.  We planned to prospec-
tively collect a large ciclosporin TDM dataset in children with 
aplastic anemia.  When the recruitment began in 2003, some 
covariates (eg, cholesterol levels, hematocrit, CYP3A4, and 
ABCB1 genotype) were not routinely collected, so their impact 
could not be tested[26].  In clinical practice, only C0 is routinely 
measured to adjust the dose of ciclosporin in children with 
aplastic anemia, and it was thus used in this population phar-
macokinetic analysis.  In transplanted children, concentra-
tions measured at 2 h post-dose (C2) are better correlated with 
the AUC[5], which is considered to be the best marker of drug 
exposure to predict the drug’s therapeutic effect.  Given the 
important difference in pharmacokinetic parameters between 
two populations, a prospective study is warranted to evaluate 
the potential benefits of C2- and/or AUC-based dosing indi-
vidualization of ciclosporin in children with aplastic anemia.

In conclusion, a population pharmacokinetic model of 
ciclosporin was developed in Chinese children with aplastic 
anemia.  Weight, serum creatinine and stanozolol administra-
tion significantly influenced the ciclosporin CL/F.  The model 
developed here will aid in optimizing ciclosporin doses in 
children.
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