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INTRODUCTION
Hematopoietic stem cell transplantation (HCT) is an important 

therapy for nonmalignant and malignant hematologic diseases. 
Busulfan is an alkylating agent widely used in combination with 
other cytotoxic drugs as a myeloablative conditioning regimen for 
HCT [1-4]. Busulfan has a relatively narrow therapeutic window 
[5,6]. A large variability in the bioavailability of oral busulfan has 

been previously reported [7] and, can lead to toxicity, including 
hepatic veno-occlusive disease [8,9] as well as graft rejection or 
suboptimal antitumor activity [10].

To avoid the inherent problems of an oral formulation and 
improve dosing accuracy, an intravenous (i.v.) formulation of 
busulfan was developed, which provides a more predictable 
pharmacokinetic profile and therapeutic efficacy than oral 
busulfan administration [11,12]. A once-daily i.v. busulfan dosing 
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ABSTRACT The objective of this study was to externally validate a new dosing 
scheme for busulfan. Thirty-seven adult patients who received busulfan as 
conditioning therapy for hematopoietic stem cell transplantation (HCT) participated 
in this prospective study. Patients were randomized to receive intravenous busulfan, 
either as the conventional dosage (3.2 mg/kg daily) or according to the new dosing 
scheme based on their actual body weight (ABW) (23×ABW0.5 mg daily) targeting an 
area under the concentration-time curve (AUC) of 5924 M∙min. Pharmacokinetic 
profiles were collected using a limited sampling strategy by randomly selecting 2 
time points at 3.5, 5, 6, 7 or 22 hours after starting busulfan administration. Using an 
established population pharmacokinetic model with NONMEM software, busulfan 
concentrations at the available blood sampling times were predicted from dosage 
history and demographic data. The predicted and measured concentrations were 
compared by a visual predictive check (VPC). Maximum a posteriori  Bayesian 
estimators were estimated to calculate the predicted AUC (AUCPRED). The accuracy 
and precision of the AUCPRED values were assessed by calculating the mean prediction 
error (MPE) and root mean squared prediction error (RMSE), and compared with 
the target AUC of 5924 M∙min. VPC showed that most data fell within the 95% 
prediction interval. MPE and RMSE of AUCPRED were -5.8% and 20.6%, respectively, in 
the conventional dosing group and –2.1% and 14.0%, respectively, in the new dosing 
scheme group. These fi ndings demonstrated the validity of a new dosing scheme for 
daily intravenous busulfan used as conditioning therapy for HCT.
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regimen is possible and would be much more convenient and 
tolerable for both patients and caregivers than a 4 times daily 
dosage. In addition, several studies have suggested that the once-
daily regimen is equally safe and effective, as compared with 
the 4 times daily administration [13-15]. The area under the 
concentration-time curve (AUC) of busulfan correlates with the 
clinical outcomes [16,17]. A population analysis has previously 
been applied to investigate the pharmacokinetic characteristics 
of i.v. busulfan, and a final model for clearance based only on the 
actual body weight (ABW) of the patient has been proposed [18]. 

While internal validation is based on basic or more advanced 
methods such as data splitting and/or resampling techniques [19], 
external validation is known to be the most stringent method for 
the evaluation of the predictive ability of a developed model; this 
approach requires the availability of an external study [20-22]. 
However, external validation studies are relatively rare and have 
only been reported for 24 of 360 population pharmacokinetic 
models (6.7%) and for 9 of 118 pharmacodynamic models (7.6%) 
[22]. There is limited information available currently in relation to 
the external validation of the population pharmacokinetic model 
for busulfan in adult patients. 

The objective of this study was to evaluate a new, simpler dosing 
scheme based on ABW for once daily i.v. busulfan (BusulfexⓇ, 
Orphan Medical, Minnetonka, MN, USA) as conditioning therapy 
for HCT based on population approaches and using the external 
validation method. A limited sampling strategy was applied 
to minimize the number of blood samples required from each 
patient.

METHODS

Study design

This study was approved by the institutional review board (IRB) 
of the Asan Medical Center. Informed consent was confirmed 
by the IRB. Adult patients who received i.v. busulfan on the first 
day of conditioning therapy for HCT were eligible for study 
participation. No other chemotherapeutic drugs were allowed 
on that day. A Karnofsky performance score of 70 or higher and 
adequate cardiac, hepatic, and renal functions were required 
for study inclusion. Patients were randomly assigned to 1 of 2 
types of dosage regimens: the once daily i.v. conventional dosing 
scheme (reference arm) or the population model based dosing 
scheme (test arm). We employed a block randomization method 
including stratification according to the conditioning regimen 
(busulfan-cyclophosphamide [BuCy] versus busulfan-fludarabine 
[BuFlu] versus busulfan-fludarabine-antithymocyte globulin 
[BuFluATG]).

For the BuCy regimen, i.v. busulfan was administered on 
days –7 to –4 and cyclophosphamide (60 mg/kg/day) on days 
–3 and –2. The time between the last dose of busulfan and the 

first dose of cyclophosphamide was 27 hours. For the BuFlu 
regimen, we administered i.v. busulfan for 4 days (days –7 to –4) 
and fludarabine (30 mg/kg) for 5 days (days –6 to –2). For the 
BuFluATG regimen, we administered i.v. busulfan for 2 days 
(days –7 and –6), fludarabine (30 mg/kg) for 6 days (days –7 to 
–2), and antithymocyte globulin. Patients received 1 of 2 types 
of antithymocyte globulin, according to availability in Korea. 
Specifically, rabbit antithymocyte globulin (ThymoglobulinⓇ, 
IMTIX-SANGSTAT, Lyon, France) given as 1.5 mg/kg/day on 
days –4 to –2 with a matched sibling donor; 3.0 mg/kg/day on 
days –4 to –2 with an unrelated donor; and 3.0 mg/kg/day on 
days –4 to –1 with a haplo-identical familial donor; or horse 
antithymocyte globulin (LymphoglobulinⓇ, IMTIX-SANGSTAT, 
Lyon, France) given as 7.5 mg/kg/day on days –4 to –2 with a 
matched sibling donor; 15.0 mg/kg/day on days –4 to –2 with 
an unrelated donor; and 15.0 mg/kg/day on days –4 to –1 with a 
haplo-identical familial donor. 

Busulfan dosing schemes

Patients from the reference arm received the conventional 
dosage of i.v. busulfan (3.2 mg/kg) over 3 hours once a day, 
and all doses of busulfan were calculated using: (1) ABW if 
this was less than or equal to the ideal body weight (IBW); (2) 
IBW if ABW was higher than IBW, but within 120% of IBW; 
or (3) “IBW+0.40×(ABW- IBW)” if ABW exceeded IBW by 
more than 120% [15]. IBW was calculated using the following 
equations, where height measured in inches and weight in 
kilograms: (1) IBW (men)=50+2.3×(height–60); or (2) IBW 
(women)=45+2.3×(height–60). For patients in the test arm, the 
dose of i.v. busulfan was calculated using the new dosage equation, 
based on the results of a population pharmacokinetic model 
of i.v. busulfan with the aim of achieving a target AUC using a 
single daily dose of i.v. busulfan (AUCTarget). The AUCTarget of 5924 
M∙min was set at a 4-fold the median AUC achieved by 4 times 
daily i.v. busulfan as reported by a previous study [15]. According 
to the population pharmacokinetic model for busulfan, the final 
covariate model of clearance (CL) was as follows:

CL=0.947×ABW0.5

with CL given in liters per hour and ABW in kilograms [18]. 
Considering the AUCTarget of 5924 M∙min and population 
pharmacokinetic clearance model for busulfan, patients in the 
test arm received the appropriate daily dose of 23×ABW0.5 mg 
over 3 hours once a day to achieve the daily AUCTarget. For both 
study groups, busulfan was diluted in normal saline to 0.5 mg/
mL and infused via a pump through a central venous catheter.

Pharmacokinetic sampling and analysis

A limited sampling strategy using 2 samples obtained at 
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different times was prospectively implemented during the first 
cycle of busulfan treatment. Blood samples (5 mL) were taken 
from all patients at 2 time points with the first busulfan dosing 
only. Two sampling times were assigned randomly at 3.5, 5, 6, 
7 or 22 hours from the start of the 3-hour busulfan infusion. 
Block randomization, with stratification for the dosage formula 
and conditioning regimen, was used. Samples were taken from a 
central venous line using pre-chilled heparin tubes and plasma 
separation was performed within 60 minutes. Plasma was 
separated by centrifugation at 2,500 rpm for 10 minutes at 4oC 
within 1 hour, placed in cryogenic vials, and stored at –40oC. 
Plasma busulfan concentrations were measured using a validated 
liquid chromatography with tandem mass spectrometry (LC-MS/
MS), as previously described [18]. Using the percentage deviation 
of the mean from the true value and the coefficient of variation 
as measures of accuracy and precision, respectively, intra- and 
interday accuracies were determined to be 89.96% to 102.28% 
and 92.79% to 101.14%, respectively. Intra- and interday precision 
values were determined to be 4.41% to 14.70% and 0.90% to 7.48%, 
respectively, with five replicates at each concentration level.

Prediction performance measures

The predictive performance of the population model was 
assessed by calculating the mean prediction error (MPE) and the 
root mean squared prediction error (RMSE) as follows:

where PRED and OBS were the predicted and observed 
concentrations, respectively. The MPE describes the bias of the 
estimates, while the RMSE describes their imprecision. 

Prediction of concentrations

Using the established final population pharmacokinetic 
model [18], predicted concentrations of busulfan were calculated 
for each patient at the available blood sampling times for the 
given dosage history and demographic data, including sex, 
age, and body weight. These predictions were obtained by 
entering the structural model parameters into NONMEM 6.2.0 
(GloboMax LLC, Ellicott City, MD, USA) with typical values 
of pharmacokinetic parameters and no residual errors. The 
predicted concentrations were compared with the corresponding 
measured concentrations by calculating bias (MPE) and 
imprecision (RMSE). A visual predictive check (VPC) was 
executed using the Perl-speaks-NONMEM (PsN) [23] to evaluate 
the predictability of the population pharmacokinetic model for 
busulfan. 

Prediction of AUC 

The AUC for the daily busulfan dose was predicted for each 
patient. This predicted AUC (AUCPRED) was calculated as follows: 

AUCPRED=Dosei/CLBayesian

where Dosei was the individual daily amount of busulfan 
administered and CLBayesian was the maximum a posteriori Bayesian 
estimate of clearance for the validation patient. NONMEM was 
used to calculate CLBayesian using the available concentration 
measurements with the original population parameter estimates 
as priors. The prediction error of AUC was calculated for each 
AUCPRED by comparing with the AUCTarget as follows:

Prediction error=(AUCPRED –AUCTarget)/AUCTarget×100

where AUCTarget was 5924 M∙min. The accuracy and imprecision 
of AUCPRED from the population model were assessed by 
calculation of MPE and RMSE. The variability of AUCPRED was 
compared between the reference arm and the test arm using 
relative standard error (RSE). 

RESULTS
Thirty-seven adult patients were enrolled and received i.v. 

busulfan on the first day of conditioning therapy for HCT. Patient 
characteristics are presented in Table 1 and these did not differ 
significantly between the reference and test arms. A total of 74 
busulfan plasma concentrations were measured.

The VPC revealed that the 95% prediction interval of the busulfan 
concentrations predicted by the population pharmacokinetic 
model adequately included the observed concentration data (Fig. 
1). The relationships between the measured and predicted busulfan 
concentrations at each sampling time for each patient were well 
described by a basic diagnostic plot (Fig. 2). The MPE and RMSE 
values relating to the busulfan concentrations in all of the patients 

Table 1. Patient characteristics

Reference arm Test arm

Number of subjects 19 18
Age (y) 47.1±12.9a 45.7±14.9
Height (cm) 161.8±8.6 163.6±10.6
Body weight (kg) 61.1±12.0 59.3±7.6
Sex (Male/Female) 8/11 10/8
Conditioning regimen
   Busulfan-fludarabine-ATG 14 13
   Busulfan-cyclophosphamide   2   3
   Busulfan-fludarabine   3   2

aMean±SD.
ATG, antithymocyte globulin.
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included in this external validation study were 3.73% and 32.37%, 
respectively. Within the subgroup that received the conventional 
dosing scheme, the MPE and RMSE values were 9.58% and 33.49%, 
respectively, while in the subgroup that received the new dosing 
scheme, these values were -2.44% and 31.15%, respectively.

A box plot of the AUCPRED in the validation group using the 
population model is shown in Fig. 3. The MPE and RMSE values 
of AUCPRED in all of the included patients were –2.0% and 17.7%, 
respectively. Within the conventional dosing scheme subgroup, 
the RMSE of AUCPRED was 20.6%, this value was 14.0% in the 
subgroup that received the new dosing scheme (Table 2). The 
AUCPRED for the new dosage scheme showed less variability than 
for the conventional dosage scheme (RSE 14.0% vs 21.6%). The 
MPE of AUCPRED was –5.8% for the conventional dosing scheme 
and –2.1% using the new dosing scheme. 

DISCUSSION
We have prospectively validated a new dosing scheme for i.v. 

busulfan given prior to HCT using a limited sampling strategy 
that included two busulfan concentration-time points for each 
adult patient. The applicability of this new dosing scheme, based 
on a population pharmacokinetic model, was externally validated 
by evaluating its achievement of AUCTarget, while the validity of 
the population pharmacokinetic model was evaluated for its 
ability to predict plasma busulfan concentration. 

The predictability of busulfan concentrations using a population 
pharmacokinetic model was evaluated by a simulation-based 
diagnostic. The VPC revealed the similarity between the measured 
concentration of busulfan and the simulated concentration. In 
accordance with these results, the population model was able to 

Fig. 1. Visual predictive check of the busulfan 
population pharmacokinetic model in 
the reference arm and the test arm. The 
simulated 95% prediction interval is shaded and 
observations (plasma busulfan concentrations 
in M) are depicted as circles and the solid line 
depicts the model predicted median.
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Fig. 3. Box plot showing the distribution of the predicted area under 
the concentration time curve (AUC) in the reference arm and the test 
arm. The dashed line represents the target AUC of 5924 M·min.

provide accurate and precise concentration predictions for all of 
the patients included in this external validation study. 

Regarding the evaluation of busulfan AUC targeting 
performance, AUCPRED of the test arm with the new dosing scheme 
showed less variability than that of the conventional dosage 
regimen (RSE 14.0% vs 21.6%). The optimal AUC range for the 
oral busulfan 4 times daily regimen in adults and adolescents 
is 900 to 1500 M∙min [8-10,24,25]. A study of 4 times daily i.v. 
busulfan indicated that 86.2% of patient AUC values were within 
this range [26]. In our study, an AUC of 5924 M∙min which is a 
4 fold median AUC of 4 times daily busulfan, from the learning 
dataset used to develop the final model was targeted for the new 
once daily regimen of busulfan. A lower overall survival and 
progression-free survival at 3 years and an increased nonrelapse 
mortality at 100 days was reported among patients who received 
conventional once daily busulfan (3.2 mg/kg), where the busulfan 
AUC was above 6000 M∙min [17]. Our data showed that patients 
given conventional dosage had an average AUC values less than 
6000 M∙min, while patients given the novel dosing scheme had an 
average AUC values greater than 6000 M∙min.

A limited sampling strategy based on a Bayesian methodology 
for i.v. busulfan was developed previously, showing that two 
samples collected at 2.25 and 6 hours from the start of a 2-hour 
infusion predicted the AUC with no significant bias and with 
good precision [27]. In the same study, it was suggested that 
acceptable estimation of AUC was possible using only one plasma 
concentration within the first hour post-infusion where sampling 
after 3 hours post-dosing is less informative. In this study, we 
could not guarantee the execution of time-fixed blood sampling 
in the institution, so the limited sampling strategy based on 

randomly selecting two time points was adopted and our findings 
indicated that this approach may be sufficient for a reasonable 
population pharmacokinetic model prediction.

The principal limitation of this study is that the external 
validation dataset was based on a small and relatively uniform 
patient population in one of the largest tertiary care hospitals 
in Korea, so that the value of AUCTarget of this study was not 
in accord with the result of other study [28]. However we 
often see the concentrations from the same sample vary more 
than 20% by the reporting labs. Considering the variability 
of reported concentrations between assay labs, we decided to 
use concentrations measured by our in-house laboratory only. 
Another limitation of included the lack of information of clinical 
outcomes about toxicity and non-relapse mortality. Therefore, 
further investigation in a larger population that includes younger 

Table 2. The predicted mean area under the concentration time 
curve (AUCPRED) for the external validation dataset and its bias and 
imprecision

Reference arm (n=19) Test arm (n=18)

AUCPRED (M∙min)
   Mean±SD 5580.7±1204.6 6046.3±841.9
   RSE 21.6% 14.0%
   Median 5543.0 6121.3
   Min 3487.4 4321.0
   Max 8492.3 7383.0
MPE –5.8% –2.1%
RMSE 20.6% 14.0%

SD, standard deviation; RSE, relative standard error; MPE, mean 
prediction error; RMSE, root mean squared prediction error. 
Target AUC=5924 M∙min

Fig. 2. Predicted versus measured plasma busulfan concentrations 
in the external validation dataset. Open and closed circles represent 
values for the patients in the test arm and the reference arm, 
respectively. The dashed line represents the line of identity.
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patients to evaluate the clinical outcomes is warranted.
In conclusion, this randomized and prospective study 

demonstrated the validity of a population pharmacokinetic model 
for busulfan using an external validation method and supported the 
applicability of the new dosing scheme of busulfan for conditioning 
therapy for HCT based on a population pharmacokinetic model.
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