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Abstract
Little information is currently available regarding the pharmacokinetics of busulfan in infants and
small children to help guide decisions for safe and efficacious drug therapy. The objective of this
study was to develop an algorithm for individualized dosing of intravenous busulfan in infants and
children weighing less than or equal to 12kg, that would achieve targeted exposure with the first
dose of busulfan. Population pharmacokinetic modeling was conducted using intensive time-
concentration data collected through the routine therapeutic drug monitoring of busulfan in 149
patients from 8 centers. Busulfan pharmacokinetics were well described by a 1-compartment base
model with linear elimination. The important clinical covariates impacting busulfan
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pharmacokinetics were actual body weight and age. Based on our model, the predicted clearance
of busulfan increases approximately 1.7-fold between 6 weeks to 2 years of life. For infants less
than 5 months of age, the model-predicted doses (mg/kg) required to achieve the therapeutic Css
range of 600–900 ng/mL (AUC range = 900–1350 uM·min) were much lower compared to
standard busulfan doses of 1.1mg/kg. These results could help guide clinicians and inform better
dosing decisions for busulfan in young infants and small children undergoing hematopoietic cell
transplantation.

INTRODUCTION
The pharmacokinetics (PK) and pharmacodynamics of drugs in infants can differ widely
between children and adults.(1–3) Within the first year of life, age-related developmental
changes in physiologic and metabolic processes can significantly lead to altered drug
disposition.(1, 4) Additionally, the relationship between dose, plasma concentration and
pharmacodynamic effect may be highly variable across different age groups and disease
states. The value of understanding therapeutic differences in drug response because of
developmental factors is dependent on the ability to define a dose-concentration
relationship.(5) Unfortunately, barriers unique to the pediatric population can make
performing PK studies difficult, particularly in infants. Clinical therapeutic trials are often
limited by ethical considerations, low study consent rates, limitations on blood volumes, and
inadequate assay sensitivity.(6)

Busulfan (Busulfex®) is a bifunctional alkylating agent routinely used in conditioning
regimens prior to hematopoietic cell transplantation (HCT) for the treatment of a variety of
childhood malignant and nonmalignant disorders.(7) Despite the widespread use of
busulfan, PK studies in infants remain inadequate to ensure safe and efficacious drug
therapy. As defined by manufacturer’s guidelines, initial doses of busulfan are based upon
actual body weight, aiming to achieve an area-under-the-curve (AUC) of 900–1350 uM·min
(equivalent to a concentration-at-steady-state (Css) between 600 – 900 ng/mL)(Table 1).(7)
This dose however, was based upon the results of a single clinical trial of only 24 children
undergoing HCT who received busulfan in combination with cyclophosphamide.(7, 8)
Patients ranged in age from 3 months to 16 years (mean 6.3 years) and included only 14
children less than or equal to 4 years of age.(7) More recently, several population PK studies
in children have shown that individualized (e.g.personalized) model-based algorithms for
busulfan clearance which incorporate body size and/or age provide improved targeted
therapy when compared to stratified weight or age-based regimens alone.(9–13)
Unfortunately, most published covariate models have included only a limited amount of data
in infants and small children less than 12kg. Hence, the appropriateness of the extrapolation
of these dosing algorithms to infants or very young children remains unclear.

Intervention with HCT very early in life is often considered critical to effectively treat
several childhood diseases including many immunodeficiencies and genetic metabolic
disorders.(14–17) Children with Severe Combined Immunodeficiency Disease (SCID), for
instance, usually require definitive therapy with HCT soon after diagnosis. These children
typically present early in life (<6 months of age). With newborn screening for SCID
becoming increasingly available, children are now being diagnosed in the first 4 weeks of
life, allowing HCT to be offered at a young age when outcomes are superior.(18) For
children with Hurler’s Disease, a mucopolysaccharidosis, the younger a child is treated with
HCT (the only effective treatment currently available), the better the overall outcome.(17)
The inclusion of busulfan in the conditioning regimens of the very young is often desirable
to promote stem cell engraftment, correct B cell functionality, and avoid long-term
consequences of total body irradiation (TBI) including growth and developmental delay,
poor jaw and tooth development, cataracts and increased risk of malignancy later in life.(19)
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Unfortunately, limited busulfan PK data are available in infants and very small children to
guide dosing and ensure optimal drug therapy. The objective of this study was therefore to
develop an algorithm for individualized dosing of busulfan in children less than 12kg that
would achieve targeted exposure with the first dose of busulfan.

PATIENTS AND METHODS
Study Population

This retrospective study utilized PK data available from routine therapeutic drug monitoring
of busulfan levels in 149 pediatric patients treated with HCT from multiple study centers.
Eligibility criteria for busulfan PK analysis in this study included (1) an actual body weight
less than or equal to 12kg, (2) related or unrelated HCT that included intravenous busulfan
therapy, and (3) busulfan plasma time-concentration data available for analysis. Busulfan
PK data were provided by three different study groups throughout the United States,
Canada, Europe, and the United Kingdom (Table 2). Specific centers (n=8) within the three
study groups contributing data for analysis included: The University of California San
Francisco Benioff Children’s Hospital, Boston Children’s Hospital, University Medical
Center Utrecht, Leiden University Medical Center, Royal Manchester Children’s Hospital,
University of Manitoba, and Children’s Hospital of Westmead, Sydney. Local institutional
review boards approved this study and written informed consent to undergo therapy and
pharmacokinetic studies was obtained in all patients and guardians.

Detailed information regarding the preparative regimen, diagnoses, timing of
pharmacokinetic sampling, and bioanalytical analysis has been previously described.(9, 20–
22) Briefly, patients underwent HCT for a wide variety of malignant and nonmalignant
pediatric disorders. HCT preparative regimens included busulfan along with different
chemotherapeutic agents according to different study sites and diagnoses. Busulfan was
administered intravenously in all subjects. In the majority of patients, busulfan was
administered every 6 hours or every 24 hours (once-daily) over a period of 3 to 4 days. As
part of routine clinical care, busulfan plasma concentrations were therapeutically monitored
and dose adjustments made to achieve individual protocol specific targets.

Population PK Analysis
Pharmacokinetic model development using busulfan plasma concentration-time data was
performed with the nonlinear mixed effects modeling program NONMEM (version 7, ICON
Development Solutions, Ellicott City, MD). Diagnostic graphics and post-processing of
NONMEM output and simulations were performed using the statistical software R and
Xpose. The first order conditional estimation method with interaction (FOCE-I) was used
throughout the model building process to estimate PK parameters and variability. Model
development was guided by exploratory analysis of the data, changes in the NONMEM
objective function value (OFV), diagnostic plots, and the potential biological plausibility of
a relationship between clinical covariates and pharmacokinetic parameters. Because many
subjects had intensive sampling on more than one occasion, inter-occasion variability was
investigated. Residual unexplained variability was characterized by an additive and
proportional error model. Using standard principles of allometric scaling, weight was built
into the base model a prior and scaled to a reference patient having a median weight of 8kg.
(23) The model was parameterized in terms of clearance (CL) and volume of distribution in
the central compartment (Vc).

Patient specific factors considered for covariate testing included age, height, body surface
area, and sex. Different covariate relationships on PK parameters were investigated and
included power, linear, and exponential functions. Correlations between covariates were also
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investigated. The final PK model was built through the stepwise covariate model building
process of forward selection and backward elimination of clinical covariates. The likelihood
ratio test was used to assess the significance of all covariates in the final model. During
forward selection, covariates were univariately tested and deemed significant if the OFV
decreased by at least 3.84 (χ2, P ≤ 0.05, df = 1) with its inclusion in the model. During
backward elimination, significance of the covariates were confirmed by removing one at a
time from the full model and required an increase in the OFV of at least 5.99 (χ2, P ≤ 0.01,
df = 1) to remain in the model.

Model Evaluation
To evaluate the precision of the final model parameter estimates, a nonparametric bootstrap
was performed. A total of 1000 bootstrap datasets were generated by repeated sampling with
replacement from the original data and the final PK model fitted to each of the bootstrap
datasets. The median, 5th and 95th percentiles were then obtained for each PK parameter
and compared with the final model PK estimates. For the visual predictive check (VPC), 500
datasets using the covariate distributions from the original dataset were simulated using the
parameter estimates from the final model and the median, 5th and 95th percentiles compared
with observed concentrations. Individual VPCs for every 6-hour dosing and once-daily
administration were performed and are presented.

Determination of Targeted Dose
Based on our final model, simulations were performed to achieve the conventional
therapeutic targets for busulfan exposure. Additionally, simulated Css values based on
conventional dosing were compared to the model-based strategy for achieving conventional
exposure. The model-based equation used for the simulations was:

Model-based doses were calculated to achieve the midpoint AUC corresponding to a
targeted Css range for conventional exposure. Expressed in terms of mg, conventional
exposure as proposed by the manufacturer’s guidelines was defined as an AUCtarget of 4.5
mg*hr/L (range, 3.6–5.4 mg*hr/L) over a 6-hour dosing interval. This target is equivalent to
a Css of 750ng/mL (range, 600–900ng/mL) and AUC of 1098 uM·min (range, 900–
1350uM·min) or 4.5 mg*h/L (range, 3.6 – 5.4mg*h/L). The equation AUC /dose was used
to calculate Css.

RESULTS
Demographics of Patients

Patient demographics and baseline characteristics by study group are presented in Table 2.
Among the 149 study subjects, the overall median age of patients was 0.94 years (11
months, range 0.1–3.3 years), with 14% of subjects younger than 6 months of age. Overall
median actual body weight was 8 kg (range 3–12) and included 14% of children weighing
less than or equal to 6 kg. Doses normalized to body weight were variable with higher doses
reflective of once-daily versus every 6 hour administration.

Population PK Model Building
A total of 1247 quantifiable concentrations were available for population PK modeling and
were best described with a 1-compartment base model with linear elimination. The range of
observations was 25–8778 ng/mL. Irrespective of each individual center specific assay, <1%
of busulfan plasma concentrations were below the level of quantification and were included
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in the analysis. A one-compartment model provided an adequate fit to the data. Addition of
the second disposition compartment and/or non-linear elimination did not offer further
improvement. Inter-occasion variability improved the model markedly (ΔOFV>222,
p<10−50). Separate models were developed for different dosing schedules to examine
potential differences between once daily and every 6-hour dosing, however none were
detected. Different residual error models were allowed for different centers, to accommodate
potential between-center differences in assay errors.

Effects of Covariates on Busulfan CL
Important patient-specific covariates found to significantly impact busulfan CL were actual
body weight and age. All covariates identified were supported by individual Bayesian PK
parameter estimates versus covariate plots. Implementing allometric scaling of PK
parameters greatly improved the model, however, it was not sufficient to describe the
observed growth dependent changes in clearance in very young children (Figure I).
Estimated CL values suggested that younger children have lower CL compared to the value
anticipated by allometric scaling only. The addition of a nonlinear function of clearance
versus age was implemented to describe maturation of clearance and this function was
significant (p<0.001) and beneficial for the model. No significant impact of other covariates
on busulfan CL was identified.

Final Population PK Model
The population PK parameters estimates and their relative standard errors (%) from the final
model are presented in Table 3. The final model for busulfan CL incorporating both a
weight and maturation effect were as follows:

where 2.3 L/h is the typical value of busulfan CL, Matmag is the estimated maturation
magnitude effect for age on clearance and Kmat is the maturation rate constant for the effect
of age on clearance. The goodness of fit plots for the base and final model showed clear
improvement with good distribution of population-predicted concentration around the line of
unity indicating the data were adequately described by the final model (data not shown).
Ninety-five percent of conditional weighted residuals fell within 2 standard deviations
demonstrating good predictability of the model. No trend in the residuals was observed.

Model Evaluation
The median PK parameter estimates and 95% confidence intervals from the bootstrap
analysis are presented in Table 3. Median estimates of PK parameters, inter-patient
variability, and residual unexplained variability derived from the bootstrap analysis were
comparable with the typical values derived from the original population PK analysis. The
visual predictive check showed the median and percentiles of 500 simulated datasets
captured the median and percentiles of the original observed PK data well for both dosing
schedules, every 6-hours and once-daily (Figure II).

Model-Based Dosing to Achieve Conventional Therapeutic Target
Doses (per actual body weight) for achieving conventional exposure (600–900ng/mL) were
simulated and estimated using the model-based algorithm. In particular, children less than
10kg required lower doses with the model-based algorithm when compared to conventional
dosing recommending 1.1mg/kg (Figure III). Table 4 provides the estimated doses (mg/kg)
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required for a typical 6-week, 3-month and 6-month individual to achieve therapeutic
exposure at steady-state using the model-based algorithm. For example, the model-predicted
dose needed to achieve a Css of 750ng/mL for 6-week old infant weighing 4.5 kg would be
3.6mg (0.79mg/kg), representing a decrease of approximately 28% compared to
conventional dosing. Figure IV demonstrates conventional dosing vs the model-based
algorithm for achieving a Css of 600–900ng/mL by age. With the conventional dosing
algorithm, children less than approximately 5 months of age are more likely to achieve Css
values above the recommended threshold of toxicity (900ng/mL) verses model-based
dosing.

DISCUSSION
To our knowledge, this is the largest PK analysis comprised exclusively of children
weighing less than or equal to 12kg and receiving busulfan as part of their conditioning
regimen for HCT. Prior to these results, very little information was available regarding the
PK of busulfan in young infants and small children to help determine initial doses for drug
therapy. In this study, we developed a population PK model for busulfan CL using time-
concentration data collected through routine therapeutic drug monitoring from multiple
study centers. Plasma concentrations of busulfan were well described by a one-compartment
model with linear elimination. In our covariate analysis we found both weight and age to be
significant patient-specific factors impacting busulfan CL.

Investigating age-related changes that occur as a result of physiological and enzymatic
processes can make the PK modeling of drugs in infants and small children particularly
challenging.(5) Precise quantification of maturation processes requires a large sample size of
children with a wide range of weight and age combinations. The allometric scaling of weight
provides a mechanistic and physiologic-based approach that if used a priori, allows for the
delineation of the effect of size from other covariates that show a high degree of correlation.
(24) By choosing weight as our primary covariate and by assuming the exponent of ¾, we
were able to identify the impact of maturation on busulfan CL. Other authors may chose to
estimate the exponent for the effect of weight on CL instead of fixing it to the physiological
value of 0.75.(8, 9, 13, 25) Even though this approach may provide a good fit to the model
and may result in the most parsimonious model, mechanistic interpretation of such
parameters is limited. Having both weight and age as part of our model, we account not only
changes in drug clearance due to body size and liver blood flow, but also for the maturation
of enzymes, which is best described as a function of age. Additionally, the use of body
surface area has previously been suggested as a predictor of busulfan clearance.(10, 26)
Body surface area is a derived parameter from height and weight and as such, limits
physiological interpretation of such models.

Based on our model, the predicted CL of busulfan increases approximately 1.7-fold between
6 weeks to 2 years of life. Busulfan undergoes extensive metabolic conversion in the liver
through conjugation with glutathione by glutathione s-transferases (GST) enzymes,
predominantly via GSTA1, and minor contributions from GSTM1 and GSTP1.(27, 28)
Expression of GST enzymes involved in busulfan metabolism can undergo significant
changes in activity and/or expression, increasing gradually over the first 2 years of life.(1,
27, 29) It is plausible that the variability in PK demostrated between infants, children and
adolescents/adults is due to differences in GST activity and/or expression with age. To date,
no formal studies investigating the relationship between busulfan drug levels and the
ontogeny of hepatic GSTs in the very young have been reported. Additionally, given that
busulfan undergoes extensive metabolic conversion in the liver it is plausible that
prematurity may significantly impact busulfan exposure. Unfortunately, we were unable to
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obtain individual information on gestational age, and therefore, the appropriateness of the
application of our model to preterm infants is unknown and should be used with caution.

Strategies for the TDM of busulfan differ among treatment centers, such as Css or AUC
accumulative exposure over the entire course of therapy.(7, 30) The incorporation of age and
weight relationships into our model for busulfan CL enables all individuals to have the same
likelihood of reaching the desired therapeutic exposure, irrespective of the selected targeted
goal. Particularly for children < 5 months of age, the model-based algorithm demonstrates
significant improvement over conventional dosing, given these children are more likely to
experience drug concentrations above the therapeutic threshold for toxicity with standard
dosing. The model-predicted doses required to achieve the therapeutic range of 600–900 ng/
mL in children <5 months of age are much lower when compared to standard doses of
1.1mg/kg. Improved dosing strategies for busulfan in infants would be expected to reduce
morbidity and mortality through improved rates of stem cell engraftment and less drug-
related toxicity (e.g. hepatic sinusoidal obstructive syndrome). Furthermore, infant survivors
of HCT can experience significant life-long consequences associated with high-dose
chemotherapy, including impaired pulmonary function, hypothyroidism, metabolic
syndrome and cognitive impairment.(31) Individualized busulfan therapy has the potential to
minimize risk for severe long-term complications attributable to chemotherapy in survivors
of pediatric HCT and improve overall quality of life. This is particularly true in patients with
non-malignant disorders in which, depending on the disease and goal for degree of stem cell
chimerism, lower levels of busulfan may be possible.

Although the PK parameters were well estimated with our final model, the between-subject
variability remained modest, at approximately 25%. This suggests other covariates not
evaluated in this analysis may be important determinants of busulfan CL. Physiological
changes induced by specific disease states, including inborn errors of metabolism and
thalassemia have been demonstrated to alter busulfan CL.(32–34) Given the heterogeneity
of diseases included in our study population, covariate analysis of different disease groups
was not feasible. Similarly, the impact of medications previously shown to alter busulfan PK
through the induction or inhibition of GSTs could not adequately be investigated.
Information regarding the co-administration of the known enzyme inducer phenytoin was
not available for a majority of subjects. Drug-drug interactions between busulfan, azole anti-
fungals and metronidazole have been shown to alter busulfan CL through the inhibition of
metabolic enzymes but were also unable to be evaluated.(35, 36) Other potential factors
unexplored in this analysis include genetic variants of genes involved in busulfan
metabolism and disposition. In vitro studies have shown variants in GSTP1 result in
functional alterations in activity leading to decreased enzymatic activity.(37) Clinically, the
impact of several GST genetic variants on busulfan exposure has been investigated,
reporting variable results.(38–41) Furthermore, genomic studies in children can prove
difficult to conduct given the effects of ontogeny on drug metabolizing enzymes and require
careful consideration.(42)

Model validation, including prospective evaluation, is critical to ensure the predictability of
any model. To adequately investigate the effects of maturation on metabolic pathways a
large number of subjects spanning a wide range of ages are required. Therefore, for this
analysis we elected to build the model using all data available (vs data splitting) and model
evaluation performed using a nonparametric bootstrap. Currently we are collecting
additional retrospective data, which will serve as an external validation data set.
Additionally, the authors are in the early stages of planning a formal prospective evaluation
of the busulfan algorithm in very young children undergoing transplantation early in life for
the treatment of SCID. This work will be presented in subsequent publications in the future.
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In summary, we developed a model for busulfan CL based on age and weight that can be
used to determine initial doses in infants and young children less than or equal to 12kg.
When compared to the conventional dosing guidelines, our individualized model-based
algorithm may provide an improved dosing strategy for achieving targeted busulfan
exposure in infants.
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Figure I.
Fraction of busulfan clearance for infants compared to an average 2-year-old child by (a)
change in busulfan clearance verses weight and (b) change in busulfan clearance verses age.
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Figure II.
Visual Predictive Check for (a) every 6-hour dosing and (b) once-daily administration. Tick
solid line is data median. Upper and lower dashed lines are 97.5th and 2.5th data percentile.
Upper, middle and lower shaded areas are simulated 97.5th percentile, median and 2.5 the
percentile with uncertainty, respectively. Appropriate model fit is indicated if lines are
contained within shaded areas.
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Figure III.
Model-based estimated dose (mg/kg) required to achieve a therapeutic Css of 600–900ng/
mL (solid line). For comparison, the dashed line represents conventional dosing of 1.1mg/kg
in children less than 12kg.
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Figure IV.
Plot demonstrating estimated Css with conventional dosing vs the model-based algorithm
for achieving a therapeutic target of 600–900ng/mL by age. Currently recommended dose
(1.1mg/kg) is shown for reference (horizontal dashed line)
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Table 1

Different PK Parameters Used in the TDM of Busulfan Expressed in Unit Equivalents

PK parameter (units) Equivalent value of the therapeutic range1

Css (ng/mL) 600 – 900

AUC (uM·min) 900 – 1350

AUC (mg*hr/L) 3.6 – 5.4

1
Equivalent values reflect the therapeutic range for a 6-hour dosing interval
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Table 2

Patient Demographics and Baseline Characteristics By Study Group

Median (range) / Number

Study Group A1 Study Group B2 Study Group C3

Number of subjects 24 24 101

Age (years) 0.8 (0.1–3.0) 0.7 (0.08–1.8) 1 (0.1–3.3)

≤ 6 months of age 4 6 10

> 6 months of age 20 18 91

Weight (kg) 8.3 (3–12) 6.9 (3.3–10.3) 9.2(3.5–12)

≤ 6 kg 1 6 14

> 6–12 kg 23 18 87

Male/Female4 11/13 16/8 43/41

Height (cm) 70 (51–88) 65 (51–78) 74 (51–123)

BSA (m2) 0.4 (0.2–0.6) 0.4 (0.2–0.5) 0.4 (0.2–0.6)

Dose (mg) 8.4 (2–17) 7.35 (3.3–11) 20(3.5–70)

Dose (mg/kg) 0.97 (0.67–1.5) 1.1 (0.6–1.1) 4.1(0.8–7.5)

Dosing interval Q6hours Q6hours Q6hours or Q24h

1
University of San Francisco Benioff Children’s Hospital

2
Boston Children’s Hospital

3
Combined data from six collaborative centers (reference 9): University Medical Center Utrecht, Leiden University Medical Center, Royal

Manchester Children’s Hospital, Newcastle upon Tyne Hospital, University of Manitoba, and the Children’s Hospital at Westmead, Sydney

4
Gender was not reported in 17 subjects
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Table 4

Estimated doses for a typical 6-week, 3-month and 6-month individual to achieve therapeutic exposure at
steady-state using the model-based algorithim1

Age of individual

Therapeutic target (Css 600–900 ng/mL)2 6 weeks 3 months 6 months

 Weight (kg) 4.5 6.4 8.4

 Dose (mg/kg) 0.79 0.84 0.97

 Dose (mg) 3.6 5.4 8.1

1
Based on an “average” estimate of weight per age; provided by the WHO growth standards for infants and children 0–2 years of age.

2
Doses are based on achievement of the desired therapeutic Css over a 6-hour dosing interval. An estimated Css of 750ng/ml (range 600–900ng/

mL is equivalent to an AUC of 1098 uM·min (range 900–1350uM·min) or 4.5 mg*h/L (range, 3.6–5.4 mg*h/L).
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