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Abstract

Personalizing intravenous (IV) busulfan doses in children using therapeutic drug monitoring
(TDM) is an integral component of hematopoietic cell transplant. The authors sought to
characterize initial dosing and TDM of IV busulfan, along with factors associated with busulfan
clearance, in 729 children who underwent busulfan TDM from December 2005 to December 2008.
The initial 1V busulfan dose in children weighing <12 kg ranged 4.8-fold, with only 19%
prescribed the package insert dose of 1.1 mg/kg. In those children weighing >12 kg, the initial
dose ranged 5.4-fold, and 79% were prescribed the package insert dose. The initial busulfan dose
achieved the target exposure in only 24.3% of children. A wide range of busulfan exposures were
targeted for children with the same disease (eg, 39 target busulfan exposures for the 264 children
diagnosed with acute myeloid leukemia). Considerable heterogeneity exists regarding when TDM
is conducted and the number of pharmacokinetic samples obtained. Busulfan clearance varied by
age and dosing frequency but not by underlying disease. The authors’ group is currently evaluating
how using population pharmacokinetics to optimize initial busulfan dose and TDM (eg, limited
sampling schedule in conjunction with maximum a posteriori Bayesian estimation) may affect
clinical outcomes in children.

Corresponding Author: Jeannine S. McCune, Department of Pharmacy, Box 357630, University of Washington, Seattle, WA 98195,

USA, jmccune@u.washington.edu.
Supplemental material for this article is available on the journal’s website at www.wileyonlinelibrary.com.

Declaration of Conflicting Interests
Dr McCune has received research funding from Otsuka Pharmaceutical of North America.


http://www.wileyonlinelibrary.com

McCune et al. Page 2

Keywords

busulfan; pediatric; hematopoietic cell transplant; prescribing patterns; pharmacokinetics;
therapeutic drug monitoring

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

The alkylating agent busulfan is often administered to children as part of their conditioning
regimen prior to hematopoietic cell transplantation (HCT).1 Even with individualized dosing
based on either body weight (mg/kg) or body surface area (BSA; mg/m?2), considerable
interpatient variability exists in the clinical outcomes of busulfan-containing conditioning
regimens. The variability in the efficacy and toxicity is due in part to interpatient differences
in busulfan clearance and the narrow therapeutic range of busulfan systemic exposure.2 Over
the past 15 years, several HCT centers have personalized either oral (PO) or intravenous (1V)
busulfan using therapeutic drug monitoring (TDM) (see Supplemental Figure S1).

Busulfan plasma concentrations, measured as area under the plasma-concentration-time
curve (AUC) or steady state concentration (Csg, calculated as AUC/dosing interval), have
been associated with rejection, relapse, and toxicity in HCT recipients conditioned with
busulfan as we have previously reviewed.? The early busulfan pharmacodynamic data were
reported in patients conditioned with the oral busulfan/IV cyclophosphamide (oral BU/CY)
regimen. Children treated with oral busulfan, based on either a body weight (mg/kg) or a
BSA (mg/m?) basis, achieve lower plasma concentrations than adults.3 Consistently
achieving engraftment was initially challenging in children,* and pharmacodynamic studies
revealed that low busulfan exposure (ie, Csg <600 ng/mL) increases the risk of graft
rejection in children receiving oral BU/CY.® Engraftment improved from 74% to 94% with
the use of TDM (target busulfan Csg of 600-900 ng/mL) in children receiving oral BU/CY.8
In contrast to busulfan pharmacodynamic data from adult populations,’- high busulfan
AUC has not been consistently associated with regimen-related toxicity in children
conditioned with oral BU/CY.6:9.10 Busulfan AUC is not associated with relapse in children
with acute myeloid leukemia (AML),11 although such pharmacodynamic studies have been
hindered by small sample sizes.? Therefore, when conducting TDM of busulfan, the optimal
busulfan AUC for a child differs from that of an adult.212

The narrow therapeutic index of oral busulfan was recognized while 1V busulfan was
undergoing drug development in the 1990s. The Food and Drug Administration—approved
(FDA-approved) labeling has clear recommendations for the initial weight-based doses and
the procedures for conducting TDM for 1V busulfan when used as part of an HCT
conditioning regimen in children. Since the FDA approval of 1V busulfan in February 1999,
there has been a substantive amount of attention given to optimizing its dosing,
pharmacokinetics, and monitoring.13-1° TDM to achieve a target busulfan exposure has been
the standard of care for select HCT recipients at our center since 1996. Since then, many
HCT centers have used our clinical busulfan TDM service to personalize busulfan doses.
Clinicians often request guidance regarding the optimal initial dose, pharmacokinetic
sampling times, and target exposure for pediatric HCT recipients. Therefore, we sought to
(1) describe current clinical practice of 1V busulfan dosing and TDM in children and (2)
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characterize the pharmacokinetics of 1V busulfan in the largest cohort of children (N = 729)
undergoing HCT.

Materials and Methods

Study Population

This was a retrospective study in children who received HCT conditioning with IV busulfan
at 1 of 51 institutions (see appendix) who paid for TDM services (ie, quantitation and
pharmacokinetic modeling of busulfan pharmacokinetic samples) at the Seattle Cancer Care
Alliance (SCCA) Busulfan Pharmacokinetics Laboratory from December 2005 to December
2008. During the time period, this laboratory was the reference laboratory for 2 Children’s
Oncology Group (COG) trials in children with acute myelogenous leukemia (AML): COG
AAMLO3P1 and AAMLO0531. All patients had their busulfan dose personalized to a target
busulfan exposure (AUC or Cgg) using TDM. Approval of the FHCRC Institutional Review
Board and Children’s Oncology Group was obtained prior to data analysis. All data were
anonymized prior to data analysis.

Inclusion criteria were as follows: age <21 years at the time of busulfan TDM. Records were
examined for demographic data (ie, age, sex, height, weight, body surface area) and clinical
data (ie, disease, treating institution) requested from the treating institution. Of note, the
patient’s ethnicity and concomitant medications during busulfan-based HCT conditioning
were not requested. The treating institution listed each child’s disease, which were
categorized as follows: acute lymphoblastic leukemia (ALL); acute myeloid leukemia/
myelodysplastic syndrome (AML/MDS; which includes acute leukemia, undifferentiated,;
biphenotypic leukemia; refractory anemia with excess blasts); secondary AML/MDS;
aplastic anemia; bone marrow failure (includes amegakaryocytic thrombocytopenia; bone
marrow failure syndrome; congenital amegakaryocytic thrombocytopenia; congenital
anemia; Diamond Blackfan anemia; dyskeratosis congenita; Fanconi/aplastic anemia;
hypoplasia anemia; idiopathic myelofibrosis; red cell aplasia; Schwachman-Diamond
syndrome; sideroblastic anemia); chronic myeloid leukemia and juvenile myelomonocytic
leukemia; combined immunodeficiency disorder (CID; includes bare lymphocyte syndrome;
CD4 lymphopenia; CD40 ligand deficiency; gamma interferon deficiency; hypereosinophilic
syndrome; immune deficiency; IPEX; leukocyte adhesion deficiency; NEMO deficiency;
Omenn syndrome; reticular dysgenesis; SCID; Wiskott-Aldrich syndrome; X-linked hyper
IgM syndrome; X-linked lymphoproliferative syndrome); granulocyte disorder (includes
Chediak Higashi; chronic granulomatous disease; chronic neutropenia; congenital
neutropenia; Kostmann syndrome); histiocytic disorder (includes familial hemophagocytic
lymphoma; FEL/HLH; hemophagocytic lymphohistiocytosis; Langerhans cell histiocytosis;
Griscelli syndrome); Hodgkin lymphoma; lymphoma (includes anaplastic large cell
lymphoma; B-cell lymphoma; Burkitt lymphoma; T-cell lymphoma); metabolic storage
disease (MSD; includes adrenoleukodystrophy; Hunter syndrome; Hurler syndrome; I-cell/
mucolipidosis I1; metachromatic leukodystrophy; neuroaxonal disorder; Wolman disease),
myeloproliferative disorder (includes polycythemia vera); osteopetrosis; paroxysmal
nocturnal hemoglobinuria; pediatric solid tumors (includes central nervous system atypical
teratoid/rhabdoid tumor; desmoplastic small round tumor; Ewing sarcoma;
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medulloblastoma; pleuropulmonary blastoma; PNET; rhabdomyosarcoma; small round
desmoid tumor; Wilm tumor); sickle cell anemia; thalassemia (includes alpha; beta; E/beta).

Intravenous Busulfan Dosing and Pharmacokinetic Sampling

The initial weight-based busulfan dose, the dosing frequency, the timing of the
pharmacokinetic blood samples, and the target busulfan exposure were chosen at the
discretion of the treating physician. Duration of busulfan therapy was not consistently
recorded. AAMLO3P1 and AAMLO0531 stipulated that children with a matched family donor
receive IV busulfan every 6 hours for 16 doses. Within these 2 COG protocols, the initial 1V
busulfan dose for children <10 kg was 0.8 mg/kg per dose, while children =10 kg but <4
years old received 1 mg/kg per dose, and children >4 years received 0.8 mg/kg per dose.

Quantitation and Pharmacokinetic Modeling of Busulfan Samples

Busulfan concentrations were determined by gas chromatography with mass spectrometry
detection as previously described.® The assay dynamic range was from 25 to 4500 ng/mL,
and the interday CV was less than 8%. After quantitation of busulfan samples, the
concentration-time data were fit using WinNonlin (version 5.0.1) via noncompartmental or
compartmental modeling. The model was determined by visual inspection of the model fit to
the individual concentration-time data. The AUC from time 0 to infinity (AUCg-c) Was
calculated after the test dose (if given) and first busulfan dose of the conditioning regimen.
The AUC from 0 to the end of the dosing interval (T) was calculated after the day 2 to 4
doses in patients receiving busulfan every 6, 8, or 12 hours, and the AUC(_« was calculated
after the day 2 to 4 doses in patients receiving busulfan daily. The AUC(-o after the first
dose equals the AUC_ at steady state (ie, days 2 and 3). Clearance was calculated by
dividing the dose by the AUC(-«. After calculation of the patient’s clearance, the
recommended dose for subsequent doses was calculated linearly to achieve the target
busulfan exposure (AUC or Cgg) that had been chosen by the treating physician.
Subsequently, the technical staff verbally communicated the patient’s busulfan clearance,
exposure, and the recommended busulfan dose. The technical staff addressed any questions
regarding the results, and the treating physician chose the busulfan dose for the remainder of
the HCT conditioning regimen. Upon completion of this discussion, a formal report was
faxed summarizing the patient’s busulfan clearance, exposure, the recommended dose
selected by the treating physician, and a predicted busulfan exposure over the entirety of the
HCT conditioning regimen. Successful targeting was confirmed at the discretion of the
treating institution, with further dose adjustments as needed. There was no standardization
of dose adjustment practices, as the dose adjustment was at the discretion of the treating
physician. The total busulfan dose administered over the entirety of HCT conditioning was
not reported back to the Pharmacokinetics Laboratory.

Data Incorporation and Quality Assurance

The SCCA Busulfan Pharmacokinetic Laboratory uses a custom-built Microsoft Excel
(Redmond, Washington) spreadsheet to document relevant patient information, analytic
chemistry results, pharmacokinetic results from WinNonlin, and busulfan dose
recommendations. Each patient had his or her own MS Excel worksheet. An MS Excel
macro was created and validated to take data from these individual worksheets and
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incorporate them into a master spreadsheet. Upon incorporation, SAS (Cary, North Carolina)
was used to identify the outliers for all data, and data were double-checked to ensure
accurate data entry and reorganization.

Data Simulation

Using our previously published adult busulfan population pharmacokinetic model,20 we
simulated busulfan concentrations for 2 hypothetical pediatric age-weight groups (ie, a 1-
year-old infant and an 11-year-old child) to examine the expected exposure heterogeneity
from IV busulfan dosing practices. The adult model was modified to account for expected
differences due to size by using allometric relationships for all clearance and volume
parameters. Additional modifications for enzyme ontogeny and organ maturation were not
employed, as these factors were not expected to represent major influences given our target
age range. Simulations were conducted using NONMEM version 6.2. For the 1-year-old, the
busulfan concentrations were simulated using population averages of the pharmacokinetic
characteristics at the minimum and maximum doses administered for children <12 kg (ie,
0.45-2.17 mg/kg). For the 11-year-old, the busulfan concentrations were simulated using
population averages of the pharmacokinetic characteristics at the minimum and maximum
doses administered for children >12 kg (ie, 0.41-2.2 mg/kg).

Statistical Methods

The association of various patient covariates with busulfan clearance was evaluated via
analysis of variance and regression-based approaches. Patient covariates assessed included
sex, age at the time of HCT, diagnosis (as categorized above), diagnosis (categorized as
cancer or not cancer), treating institution, time of administration, and dosing frequency. The
patients’ ethnic backgrounds and concomitant medications were not available and thus could
not be included in this analysis. Two expressions of busulfan clearance were considered as
the primary endpoints: busulfan clearance expressed by dosing weight (mL/min/kg), since
the initial busulfan is most commonly calculated using body weight, and busulfan clearance
expressed by BSA (mL/min/m?), since liver weight expressed relative to BSA (g/m?) is
similar for children and adults.

Because the data were not normally distributed, we used a generalized additive model that
can model the mean response as well as scale, location, and shape.2! After exploring a
number of candidate distributions, we chose the Box-Cox ¢distribution. This distribution
was chosen over a number of other candidate distributions (normal, £, gamma, generalized
gamma) because it minimized generalized Akaike information criterion (GAIC). Rigby and
Stasinopoulos?! define a positive random variable Y'to have the Box-Cox ¢ distribution
(denoted BCT(y, o, v, t)) as follows: define the random variable Z by the following
transformation of Y. Here Z has a truncated #distribution with < degrees of freedom:

Z:{ 017[(%)V—1}vifv¢0'

Llog (%) if v=0
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In the regression analyses, model selection was based on minimizing a GAIC where the
penalty factor was chosen to be 3 (as opposed to the usual value of 2). This choice has been
found to select models that are neither too complex nor too simple with respect to covariate
choice. Furthermore, plots of clearance versus age and clearance versus BSA indicated
nonlinear relationships. We modeled these variables using cubic splines with knots chosen at
every point and 3 effective degrees of freedom over and above the 2 degrees of freedom for
intercept and slope. Finally, plots indicated that the variability in clearance decreased with
increasing age and BSA. So, we modeled the scale parameter as a linear function of age and
BSA. The link functions for the mean and scale parameters were the log link. The 2 shape
parameters were assumed to be constant. Regression analyses were carried out using the
gamlss package in R.21

Patient Characteristics

Patient pretransplant demographics and HCT characteristics are described in Table 1, with a
more detailed description in Supplemental Table S1. The median age was 5.0 years (range,
0.1-20.0 years). Three hundred twenty-eight of the patients (45%) were less than 4 years of
age, and 207 patients (28%) weighed less than 12 kg, at which weight higher initial 1V
busulfan doses are recommended per the package insert. The majority (55%, 402 of 729) of
the patients were male. Dosing weight and BSA were calculated by each institution, so no
equation can be provided for calculating dosing weight or BSA.

Initial IV Busulfan Dosing

The initial 1V busulfan doses administered prior to subsequent pharmacokinetic modeling
are presented in Table 1. Approximately 15% of all patients had more than 1 AUC
estimation; only the first AUC estimation was included in this analysis. Supplemental Table
S2 categorizes the initial prescribed doses with those of the package insert (1.1 mg/kg for
children weighing <12 kg and 0.8 mg/kg for children weighing >12 kg?2) and the Nguyen
nomogram. Nguyen et al created an alternative weight-based nomogram for 1V busulfan
dosing in children that would achieve a mean busulfan AUC of 1125 pMxmin based on
population pharmacokinetic modeling.13

Excluding the 41 patients who only had pharmacokinetic sampling after a test dose, 1V
busulfan was administered every 6 hours (Q6hr) to 604 patients, every 8 hours (Q8hr) to 6
patients, every 12 hours (Q12hr) to 4 patients, and every 24 hours (ie, daily) to 74 patients.

Clinical Practice of TDM

Table 2 describes the characteristics of TDM in children. The majority (57%) of centers
express their target busulfan exposure as AUC, which is typically presented in the units of
uMxmin. Therefore, all subsequent results are presented using AUCp-c. There was
considerable heterogeneity in the target busulfan AUC for each diagnosis; for example, there
were 39 different target busulfan AUCs in the 264 children with AML. The number of
different target AUCs for children with the same diagnosis was counted for the 5 most
common diagnoses: AML, CID, pediatric solid tumors, MDS, and histiocytic disorders. The
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precise target busulfan AUCs for the most common diseases are presented in Supplemental
Figure S2.

Seven pharmacokinetic samples were obtained in the majority (71.9%) of children. The most
common metric for busulfan exposure was AUC (57%). No centers use the package insert
sampling schema, which states that pharmacokinetic sampling should occur at 2, 4, and 6
hours after the start of IV busulfan.22 No strict rules were in place regarding the
pharmacokinetic modeling of each individual patient concentration-time profile. During this
time, the majority (42%) of AUCs were modeled with noncompartmental analysis. The
majority of patients had a dose adjustment recommended based on the TDM results, with no
IV busulfan dose change recommended for only 24.3% of children. The acceptance of
busulfan dose recommendations and the cumulative busulfan dose were not reported back by
the treating institution to the Pharmacokinetics Laboratory. Because only a minority of
children (~15%) had more than 1 AUC determination, we are unable to confirm that the
target busulfan AUC was reached.

Busulfan Pharmacokinetics

For linear regression analyses, residual diagnostics gave no indication of lack of fit of the
models. The diagnostics included normal plots of the residuals, standard residual plots, as
well as worm plots. Stepwise model selection using GAIC indicated that for IV busulfan
clearance (mL/min/kg), the best predictors were dosing frequency and BSA. For IV busulfan
clearance (mL/min/m?2), the best predictors were dosing frequency and age.

The average (z standard deviation) IV busulfan clearance was 3.7 £ 1.1 mL/min/kg and 97
+ 25 mL/min/m?2, consistent with IV busulfan clearance in other pediatric HCT
populations.13:15.16.23 Bysylfan clearance differed by age when expressed by dosing weight
(ie, mL/min/kg, Figure 1A), even with adjusting for dosing frequency. The plot of the
influence of age upon the partial residuals of IV busulfan clearance expressed by weight is
shown in Figure 1B. Busulfan clearance (mL/min/kg) peaked ~ age 3 years but fluctuated
throughout maturation, indicating that linear modeling of busulfan clearance expressed by
weight is not adequate such that nonlinear mixed effects modeling is needed to characterize
factors associated with busulfan clearance expressed by mL/min/kg. Figure 2 shows the
influence of age upon and the partial residuals of 1V busulfan clearance expressed by BSA.
Busulfan clearance (mL/min/m2) was low until age 4 years and then plateaued until age 17
years, at which time it slightly increased (Figure 2A, 2B). Subsequent regression modeling
of clearance (mL/min/m?) focused on 4 parameters: y, o, v, T (Table 3). Each parameter can
be modeled with its own link and variance function. Since the variability in clearance was
increasing with younger age, we modeled o as a linear function of age. The regression
included age (modeled with a cubic spline [labeled ¢sin the output below; the degrees of
freedom reflecting the flexibility of the spline]) to account for nonlinearity, dose frequency,
and cancer (yes/no). The coefficient for age is only for the linear component and so is not
directly interpretable. A better understanding of the relationship of clearance to age can be
obtained graphically. Figure 3 is a detrended residual plot (a so-called worm plot) with
confidence bands. The residuals all lie within the band, indicating no evidence of a poorly
fitting model.
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Supplemental Figures S3A and S3B show that busulfan clearance differs slightly based on
the dosing frequency. The pharmacokinetics of 1V busulfan did not differ between children
with an inherited disease and those with a cancer (Supplemental Table S3), which agrees
with previous data from our laboratory24 but contradicts 2 other reports in the literature.25.26

Simulations confirm the effect of the heterogeneity in initial busulfan dosing practice upon
the busulfan concentration-time profile. Figure 4 demonstrates the considerable impact of
this variability in initial dosing upon busulfan pharmacokinetics. Upon the completion of our
prospective population pharmacokinetic analyses, we will revisit the necessity of including
ontogenic and maturational effects upon the age continuum. Our simulation model (Figure
4) uses a well-defined adult population pharmacokinetic model?? and represents an initial
projection of pediatric exposures via allometric consideration for weight on key parameters
consistent with FDA and industrial practices for designing initial pediatric trials.2” Given the
wealth of clinical data and experience with busulfan, we expect to improve upon this with
our own modeling attempts.

Discussion

We sought to characterize dosing patterns of IV busulfan administration and TDM in
children undergoing HCT. Our long-range goal is to improve the outcomes for these children
by more precise initial dosing of busulfan and less resource intensive methods for
therapeutic drug monitoring in hopes of more efficiently achieving the target busulfan AUC.
Our main findings are as follows: (1) There is considerable variation in the initial weight-
based IV busulfan dose, with only 19% of infants and toddlers (ie, <12 kg) receiving the
FDA-approved dose of 1.1 mg/kg; (2) the target busulfan AUC varies substantially among
patients with the same disease, suggesting a need for additional pharmacodynamic data; (3)
7 samples are often obtained to estimate an individual child’s busulfan AUC and
pharmacokinetic parameters, which is greater than expected for medication that typically
exhibits 1-compartment pharmacokinetic behavior; and (4) IV busulfan clearance is
dependent on age and dosing frequency but not diagnosis.

There is considerable variability in the initial (ie, before pharmacokinetic results are
available) weight-based dosing of 1V busulfan when administered every 6 hours (Suppl. Fig.
S2). All patients appeared to be dosed based on body weight. Few patients weighing <12 kg
received the FDA-approved dose of 1.1 mg/kg, although there was greater compliance with
the package insert dosing in children weighing >12 kg (Table 1 and Suppl. Table S2). The
labeled dosing guidance was based on simulations using a pediatric population
pharmacokinetic model which indicated that ~60% of children would achieve a busulfan
AUC between 900 to 1350 pMxmin.22 Nguyen et al had developed a 5-category dosing
nomogram that was expected to achieve a mean busulfan AUC of 1125 uMxmin based on a
pediatric IV busulfan population pharmacokinetic model.13 The success of the Nguyen
nomogram in achieving a busulfan AUC of 900 to 1500 pMxmin without TDM has been
evaluated by 3 groups.10:28.29 |ts success is variable, ranging from 56% in a cohort of 47
children10 to 91% in another cohort of 55 children.28 Recently, Trame et al created a
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busulfan population pharmacokinetic model from 94 children receiving oral (n = 54) or IV
(n = 40) busulfan.2® Their simulations revealed that the Nguyen nomogram would result in
only 44% of the children achieving a busulfan AUC of 900 to 1500 uMxmin without TDM.
Further simulations suggest that a higher proportion of children (ie, 70%-71%) achieve this
target busulfan AUC with dosing IV busulfan based on BSA or allometric body weight. We
are conducting a population pharmacokinetic modeling analysis to identify the optimal
initial IV busulfan dose in hopes of more rapidly achieving the target busulfan AUC.

The pharmacodynamic associations of busulfan AUC vary based on patients’ ages,
underlying diseases, and HCT conditioning regimens. In children, engraftment has been the
only clinical endpoint consistently related to busulfan AUC such that engraftment rates are
improved with busulfan TDM.>8 No clear pharmacodynamic association exists between
busulfan AUC and hepatotoxicity in children receiving targeted BU/CY or busulfan/
melphalan.®:3%:31 Similarly, no pharmacodynamic association exists between busulfan AUC
and relapse risk in children with AML.11 Therefore, there is no clear rationale for the
considerable heterogeneity in the target AUC per disease (Table 2 and Suppl. Fig. S2),
particularly in children with AML. Interpretation of this finding is limited, in part, by the
lack of available information regarding the other components of the conditioning regimen,
the degree of myeloablation intended, and the organ function of the individual children.
Unfortunately, pharmacodynamic outcomes are not available for this data set. A repository
with such details is not available, so Supplemental Figure S2 presents the only data, to our
knowledge, of the heterogeneity in busulfan target AUCs. A repository would allow for an
adequate sample size to appropriately characterize busulfan pharmacodynamics in a
homogenous population of children. Furthermore, the development of population
pharmacokinetic models and limited sampling schedules could facilitate multi-institutional
studies to better understand the concentration-effect relationship of busulfan in children.
This data could then be used to provide data for clinical practice guidelines regarding the
optimal busulfan target AUC for each disease.

Universal acceptance of busulfan dose targeting has been impeded by the time-intensive
pharmacokinetic sampling schedule. This remains so, despite the recent increase in TDM of
busulfan demonstrating the feasibility of this strategy (Suppl. Fig. S1). Most children had 7
pharmacokinetic samples drawn per AUC, which is high to characterize the
pharmacokinetics of a 1-compartment drug.

More efficient methods of estimating busulfan AUC and clearance (as clearance = dose/
AUC) are desirable. The demand for shorter busulfan courses for the purpose of reducing the
intensity of conditioning is forcing an alternative method to targeted IV busulfan doses.1®
Variable success in predicting 1V busulfan clearance has been obtained with the use of test
doses!9 or pharmacogenetics of glutathione S-transferase (GST).32:33 The clearance of IV
busulfan was slightly lower in children receiving busulfan daily; however, considerable
overlap in busulfan clearance is seen between the various dosing frequencies (Suppl. Fig.
S3).

The most promising method to improve TDM of 1V busulfan is population pharmacokinetic
modeling. Population pharmacokinetic modeling can identify covariates associated with
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busulfan pharmacokinetics. For instance, our data suggest that IV busulfan clearance is
lower in young children (Figures 1 and 2). Children less than 4 years of age had lower
busulfan clearance, even when expressed by BSA, which suggests lower GST activity in this
population. Therefore, the expression of drug clearance relative to BSA appears to be the
most appropriate method for comparing clearance in children of varying ages, as suggested
recently.2? Part of the issue is that the current practice of linearly dividing dose by body
weight does not reflect the true nature of the relationship between clearance and dosing
weight.34 Dosing by body weight is a known systematic poor dosing practice, which is the
rationale for many population pharmacokinetic models using allometric (nonlinear)
relationships. Population pharmacokinetic models also facilitate development of optimal
pharmacokinetic sampling schedules, which could lower the number of samples needed to
characterize an individual child’s busulfan clearance. The risk of multiple blood samples in
pediatric oncology patients is gaining increasing attention, suggesting a need for less
intensive blood sampling schemas.3® Future research should address if a child’s busulfan
AUC and pharmacokinetic parameters may be accurately estimated with a limited sampling
schedule used in conjunction with maximum a posteriori Bayesian estimation, with a
parameter prior based on population pharmacokinetic modeling.

Population pharmacokinetic-based approaches have already been applied to TDM of oral
busulfan38 and 1V cyclophosphamide3” in HCT recipients. Historically, such approaches
have been inaccessible due to the paucity of adequately trained clinical pharmacology
experts and software tools.38 The shortage of clinical pharmacologists with requisite direct
patient care experience and pharmacometric expertise is in part due to lack of training
programs and generally lower reimbursement for evaluative medical services.3® Barrett et al
are developing novel decision support systems to improve the efficacy and safety of
medications used to treat children.3® Such decision support systems incorporate relevant
clinical data with a population pharmacokinetic model in a user-friendly interface to clearly
communicate the optimal medication dose for each child. Busulfan is an ideal medication
for the development of a decision support system because of the complexity of AUC-based
dosing (compared to using a trough concentration, which is often done with other
medications) and the need to personalize the busulfan target AUC based on the patient’s age,
conditioning regimen, and underlying disease. An electronic clinical decision support
system to apply consistent methods for TDM of 1V busulfan is expected to improve clinical
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Association of age with IV busulfan clearance expressed by dosing body weight, unadjusted

for dosing frequency (A) and its partial residuals adjusted for dosing frequency (B). Dashed
lines are 95% confidence band.
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Figure 2.

Association of age with IV busulfan clearance expressed by BSA, unadjusted for dosing
frequency and diagnosis (A) and its partial residuals adjusted for dosing frequency and
diagnosis (B). Dashed lines are 95% confidence band.
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Figure 3.
Detrended normal plot of randomized quantile residuals with confidence band. Residuals all

lie within the band indicating no evidence of lack of fit of the regression model.
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..... 05% = Median

Simulated busulfan plasma concentrations in a 1-year-old infant (top) and 11-year-old child
(bottom) receiving 1V busulfan at doses of 0.45 and 2.17 mg/kg. Pediatric population
pharmacokinetic model modified from adult population pharmacokinetics.20
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Table 1

Description of patient population.?

Total number of patients
Age,y
Dosing weight, kg
Sex
Male
Female
Not reported
Diagnosis
AML/MDS
CID
CML/JMML
Pediatric solid tumor
Histiocytic disorder
Acute lymphoblastic leukemia
Metabolic storage disease
Bone marrow failure
Sickle cell anemia
Thalassemia
AML/MDS, secondary
Aplastic anemia
Granulocyte disorder
Osteopetrosis
Lymphoma
Hodgkin lymphoma
Myeloproliferative disorder

Paroxysmal nocturnal
hemoglobinuria

Initial dose for children <12 kg,bmg/kg

0.8
1.0
1.1¢
Other

Initial dose for children >12 kg,bmg/kg

0.8¢
0.9
1.0
Other

729
7.1+6.0 (0.1-20.0)
28.7 +23.0 (2.65-117.8)

402
325
2

264
88
65
43
39
37
36
30
28
22
16
15
15

Ll S 2 B @ BN |

48
97
37

25

333
23
94
28

Page 19

Abbreviations: AML/MDS, acute myelogenous leukemia/myelodysplastic syndrome; CID, combined immunodeficiency disorders; CML/JMML,
chronic myelogenous leukemia/juvenile myelomonocytic leukemia.

a o
Data presented as n or as mean + standard deviation (range).
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bFor children receiving Q6hr busulfan; dose rounded to the nearest 0.1 mg/kg; more detailed description within Supplemental Table S2.

cDose per Busulfex package insert.
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Table 2

Practice patterns for therapeutic drug monitoring of intravenous busulfan.

Characteristic n (%)

Target busulfan exposure metric used to guide dosing

AUC (UM x min) 419 (57)
Css (ng/mL) 310 (43)
Number of different target busulfan AUCs for 5 most common diseases
AML/MDS 39
CID 31
CML/IMML 26
Pediatric solid tumor 21
Histiocytic disorder 17

Number of AUCs drawn per patient

1 622 (85)
2 94 (13)
3 13(2)
Number of samples obtained with initial AUC estimation

3 2(0.3)
4 72 (10)
5 82 (11.3)
6 44 (6.0)
7 524 (71.9)
8 5(0.7)

Pharmacokinetic model to characterize busulfan AUCy_o?

Noncompartmental 308 (42.6)

1-compartment 242 (33.4)

2-compartment 173 (24.0)
Dose recommendation for subsequent busulfan doses to achieve target
Auch

Decrease 183 (25.3)

No change 176 (24.3)

Increase 364 (50.3)

a N ]
n = 723 because 6 concentration-time profiles could not be modeled.

Page 21

n = 723 because no dose was recommended for 6 patients either due to inability to model data or busulfan administration had finished by the time

pharmacokinetic results were available.
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Table 3

Parameters from regression model of busulfan clearance (mL/min/m?).

Estimate Std. Error tvalue Pr(>[t])

u coefficients

(Intercept) 87.1531  2.3504 37.081  2.987e-157
cs(age, df=5)  1.2968  0.1708 7592 1.216e-13
Dose_freq -0.5463  0.2365 -2309  2.126e-02
Cancer 36161  1.9616 1843  6577e-02

o coefficients

(Intercept) -1.36250 0.101853 -13.377 6.749e-36

Age -0.02318 0.005435 -4.264 2.329e-05
v coefficients 0.474416  0.148967 3.184701  0.001524
© coefficients 2.73489  1.22310 2.23604 0.02572
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