
 
 
 

 
 
 

Version 
This is the Accepted Manuscript version. This version is defined in the NISO 
recommended practice RP-8-2008 http://www.niso.org/publications/rp/ 
 
 
Suggested Reference 
McCune, J. S., Bemer, M. J., Barrett, J. S., Scott Baker, K., Gamis, A. S., & 
Holford, N. H. (2014). Busulfan in infant to adult hematopoietic cell transplant 
recipients: a population pharmacokinetic model for initial and Bayesian dose 
personalization. Clinical Cancer Research, 20(3), 754-763. doi:10.1158/1078-
0432.CCR-13-1960 
 
 
Copyright 
 
Items in ResearchSpace are protected by copyright, with all rights reserved, unless 
otherwise indicated. Previously published items are made available in accordance 
with the copyright policy of the publisher.  
 
 
http://www.sherpa.ac.uk/romeo/issn/1078-0432/   
 
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm  

 

 

http://www.niso.org/publications/rp/
http://www.sherpa.ac.uk/romeo/issn/1078-0432/
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm
https://researchspace.auckland.ac.nz/


Page 1 
 

Busulfan in infant to adult hematopoietic cell transplant recipients:  A population 

pharmacokinetic model for initial and Bayesian dose personalization  

 

Jeannine S. McCune1,3, Meagan J. Bemer1, Jeffrey S. Barrett4, K. Scott Baker2, 3, 5, Alan S. Gamis6, 

Nicholas H.G. Holford7 

 

University of Washington Schools of 1Pharmacy and 2Medicine, Seattle, WA; 3Fred Hutchinson 

Cancer Research Center, Seattle, WA; 4Division of Clinical Pharmacology & Therapeutics, The 

Children's Hospital of Philadelphia, Philadelphia, PA; 5Seattle Children’s Hospital, Seattle, WA; 

6Children’s Mercy Hospitals and Clinics, Kansas City, MO; 7University of Auckland Department 

of Pharmacology and Clinical Pharmacology, Auckland, New Zealand. 

 

Running title:  Busulfan dose prediction in infants to adults 

Keywords:  Pediatric, population pharmacokinetics, busulfan, transplantation, personalized 

medicine 

Funding:  This work was supported by in part by research funding from Otsuka Pharmaceutical 

of North America (JSM), UW DMTPR (JSM), University of Auckland (NHGH), Children’s 

Oncology Group Chair’s grant NIH U10 CA98543 (AG), SDC U10 CA98413 (AG), U10 

HD037255 (JSB), and RC1 LM010367-01 (JSB). 

Corresponding Author: Jeannine S. McCune, Department of Pharmacy, Box 357630, 

University of Washington, Seattle, WA 98195; phone: 206-543-1412; fax: 206-543-3835; 

jmccune@u.washington.edu 

Conflict of Interest Disclosure:  Dr. McCune has research funding from Otsuka 

Pharmaceutical of North America. 

Notes about the manuscript:  Abstract:  229   Body:  4387 

Total number of figures and tables:  5 Number of references:  44 

  



Page 2 
 

STATEMENT OF TRANSLATIONAL RELEVANCE 

The alkylating agent busulfan is an integral part of many hematopoietic cell transplant 

conditioning regimens.  Busulfan has a narrow therapeutic index, with data demonstrating that 

busulfan plasma exposure is a predictive biomarker that forecasts response and toxicity.  

Intravenous (IV) busulfan doses are often personalized to a patient-specific exposure.  Using the 

largest cohort of patients to date, this is the first IV busulfan population pharmacokinetic model 

that can predict initial IV busulfan doses and personalize exposure in infants through adults.  

This model accounts for differences in age and body size by use of normal fat mass.  This age- 

and size-dependent model accurately estimates initial IV busulfan doses, which could allow for 

more rapidly obtaining the target exposure.  Subsequent doses can be personalized by blending 

an individual patient’s busulfan concentration-time data with this model to more accurately 

predict the dose required to achieve the target busulfan exposure.   
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ABSTRACT 

Purpose:  Personalizing intravenous (IV) busulfan doses to a target plasma concentration at 

steady state (Css) is an essential component of hematopoietic cell transplantation (HCT).  We 

sought to develop a population pharmacokinetic model to predict IV busulfan doses over a wide 

age spectrum (0.1 – 66 years) that accounts for differences in age and body size. 

Experimental design:  A population pharmacokinetic model based on normal fat mass and 

maturation based on post-menstrual age was built from 12,380 busulfan concentration-time 

points obtained after IV busulfan administration in 1,610 HCT recipients.  Subsequently, 

simulation results of the initial dose necessary to achieve a target Css with this model were 

compared with pediatric-only models. 

Results:  A two-compartment model with first-order elimination best fit the data.  The 

population busulfan clearance was 12.4 L/h for an adult male with 62kg normal fat mass 

(equivalent to 70kg total body weight).  Busulfan clearance , scaled to body size is predicted to 

be 95% of the adult clearance at 2.5 years post-natal age.  With a target Css of 770 ng/mL, a 

higher proportion of initial doses achieved the therapeutic window with this age- and size-

dependent model (72%) compared to dosing recommended by the Food and Drug 

Administration (57%) or the European Medicines Agency (70%). 

Conclusion:  This is the first population pharmacokinetic model developed to predict initial IV 

busulfan doses and personalize to a target Css over a wide age spectrum, ranging from infants to 

adults. 
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INTRODUCTION 

Allogeneic hematopoietic cell transplant (HCT) has curative potential for patients with either 

malignant or nonmalignant diseases.(1)  Busulfan is the most common chemotherapy agent 

used in HCT conditioning regimens that do not include total body irradiation.  Considerable 

interpatient variability exists in the effectiveness and toxicity of busulfan-containing 

conditioning regimens when dosed based on either body weight (mg/kg) or body surface area 

(BSA, mg/m2).(2)  The variability in clinical outcomes is due, in part, to between-patient 

differences in busulfan pharmacokinetics and the narrow therapeutic window of busulfan 

systemic exposure.(2)  Rejection, relapse, and toxicity in HCT recipients are associated with 

busulfan plasma exposure, measured as area under the plasma-concentration time curve (AUC) 

or average steady state concentration (Css, calculated as Css=AUC/dosing frequency).(2)  

Personalizing busulfan doses to a target plasma Css improves each of these clinical outcomes (as 

previously reviewed(2)) and is clinically accepted in the context of the often-used intravenous 

(IV) administration route.(3, 4)  Because clinical practice is moving from every 6 hour (Q6h) to 

daily (Q24h) dosing frequency,(2, 5, 6) the target exposure expressed using Css is preferable to 

AUC because Css (i.e., Css=AUC/dosing frequency) incorporates the dosing frequency. 

More efficient methods of personalizing IV busulfan therapy are desirable for numerous 

reasons.  First, relapse and nonrelapse mortality continue to be problematic even in the context 

of therapeutic drug monitoring (TDM) of IV busulfan.(4, 5, 7)  Second, the time delay to deliver 

a personalized busulfan dose recommendation with TDM presents a growing challenge with the 

increasing use of shorter IV busulfan courses, often administered as part of reduced-intensity 

conditioning prior to HCT(1, 6) or gene therapy.(8)  An established method to improve TDM of 

IV busulfan is population pharmacokinetic modeling, which can characterize patient factors 

(covariates) such as weight and age that can be used to predict the initial (i.e., before TDM 

results are available) dose.  Between subject variability (BSV) and between occasion variability 

(BOV, i.e., between dose) of a drug’s pharmacokinetic disposition can be defined and these are 

useful for Bayesian dose adjustment.(9-12)  Population pharmacokinetic-based approaches have 

already been applied to TDM with oral busulfan(9) and IV cyclophosphamide(13) in HCT 

recipients.  There is a clear need for improved initial IV busulfan dosing because current initial 

dosing practices have substantive variability and achieve the patient-specific therapeutic 

window of busulfan exposure in only 24.3% of children.(3)  Although various groups have 

created population pharmacokinetic models in children (Supplemental Table 1), most of the 

studies have been small, which makes identification of covariates problematic.(14)  Studies have 
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typically focused on either pediatric or adult populations, requiring separate models for children 

and adults and limiting the generalizability of these models across the age continuum.(10, 12)  

Our long-range goal is to improve outcomes in HCT recipients through more precise initial IV 

busulfan dosing and more effective TDM by more efficiently achieving the desired therapeutic 

window of busulfan exposure.  Using the largest population of HCT recipients to date, we 

developed a population pharmacokinetic model over a wide age range to define busulfan 

pharmacokinetics regardless of age or body size with dosing guidance applicable from infants to 

adults.  Subsequently, we compared initial IV busulfan dosing predictions with the age- and 

size-dependent model compared to predictions from recent IV busulfan population 

pharmacokinetic models developed from pediatric populations.(15-17) 

METHODS 

Study population 

Between June 1999 and September 2011, 1,610 HCT recipients aged 0.1 to 66 years underwent 

pharmacokinetic blood sampling to personalize IV busulfan doses (Table 1 and Supplemental 

Table 2) at the Fred Hutchinson Cancer Research Center (FHCRC) Pharmacokinetics 

Laboratory (1999-2001) or the Seattle Cancer Care Alliance (SCCA) Busulfan Pharmacokinetics 

Laboratory (2002-present).  Approval of the FHCRC Institutional Review Board and Children’s 

Oncology Group (COG, because AAML03P1 and AAML0531 participants were included) was 

obtained prior to analysis of anonymized data.   

For clinical TDM purposes, demographic data (i.e., age, sex, height, weight), and clinical data 

(i.e., disease, which was subsequently categorized as malignant or not malignant as described in 

Supplemental Table 2) were requested from the treating institutions (Supplemental Table 3).  

For the 133 patients (108 adults and 25 children) treated under the auspices of a FHCRC 

protocol at a Seattle-based institution, the actual body weight (ABW), dosing weight (calculated 

as previously described (18)), and ideal body weight (IBW) were available (i.e., “ABW-available 

cohort”).  Institutions outside Seattle reliably provided only the busulfan dosing weight (DWT), 

which was calculated using their own institutional practices.   

The initial busulfan dose, the dosing frequency, when the pharmacokinetic blood samples were 

obtained, and the acceptable therapeutic window of busulfan Css were chosen by the treating 

physician.  Busulfan concentrations were determined by gas chromatography with mass 

spectrometry detection as previously described.(3)  The laboratory participated in routine cross-

validation exercises between laboratories.  The assay dynamic range was from 25 to 4500 
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ng/mL, and the inter-day coefficient of variation was less than 8%.  Ninety-one of 12,380 (0.7%) 

concentration-time points were lower than the lower limit of quantitation (62 ng/mL); these 

measurements were included in the data set.   

Population pharmacokinetic analysis 

Busulfan administration was assumed to be zero-order, with the infusion duration described by 

the treating institution.  Both one- and two-compartment models were examined.  A two-

compartment model best fit the data with the lowest objective function value (OFV) and was 

used for all subsequent model construction. 

Group parameter model 

To characterize busulfan pharmacokinetics over the entire age continuum, all clearance (CL,Q) 

and volume (V1,V2) parameters were scaled for body size and composition using allometric 

theory and predicted fat free mass (FFM).(19-21)  The ABW-available cohort (N=133) was used 

to estimate the fraction of fat mass (Ffat) contributing normal fat mass (NFM) for busulfan.  Ffat 

is a drug- and pharmacokinetic parameter-specific quantity; the value of Ffat was estimated for 

each pharmacokinetic parameter.(21)  Because ABW was not available for the remaining 

patients, these Ffat parameters were fixed in a second step when the overall cohort was used with 

an estimated value for total body weight (TBW) based on DWT (Supplemental Figure 1).(22, 23)  

FFM was predicted using Equation 1: 

𝐹𝐹𝑀 = 𝑊𝐻𝑆𝑚𝑎𝑥 × 𝐻𝑇2 × (
𝑇𝐵𝑊

𝑊𝐻𝑆50×𝐻𝑇2+𝑇𝐵𝑊
) Equation 1 

where WHSmax is the maximum FFM for any given height (HT, m) and WHS50 is the TBW value 

when FFM is half of WHSmax.  WHSmax is 42.92 kg/m2 and 37.99 kg/m2 and WHS50 is 30.93 

kg/m2 and 35.98 kg/m2 for males and females, respectively.(19)  The NFM was predicted using 

Equation 2: 

𝑁𝐹𝑀 = 𝐹𝐹𝑀 + 𝐹𝑓𝑎𝑡 × (𝑇𝐵𝑊 − 𝐹𝐹𝑀) Equation 2 

ABW was used for total body weight (TBW) when it was available, but for patients whose ABW 

was not available, TBW was predicted using Equation 3:   

𝑇𝐵𝑊 = 𝐷𝑊𝑇 × 𝐹𝐷𝑊 ×  𝐹𝐹𝐸𝑀𝐷𝑊 Equation 3 
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where DWT is dosing weight provided by the treating institution, FDW is the fraction of DWT 

contributing to TBW, and FFEMDW is the fraction of DWT that predicts the difference in TBW in 

women compared to men. 

Size differences were described using Equation 4.  Following theory-based allometry,(24) the 

allometric (Pwr) exponent in Equation 4 was fixed to ¾ for CL and Q and 1 for V1 and V2. 

𝐹𝑠𝑖𝑧𝑒 = (
𝑁𝐹𝑀

70
)

𝑃𝑤𝑟
 Equation 4 

Fsize is the fractional difference in allometrically-scaled size compared to a 70 kg NFM individual.  

The NFM of 62 kg for CL and 59 kg for V correspond to an allometrically-scaled TBW of 70 kg.  

A sigmoid Emax model was used to describe the maturation of busulfan CL based on post-

menstrual age (PMA) using Equation 5:   

𝐹𝑚𝑎𝑡 = (
1

1+(
𝑃𝑀𝐴

𝑇𝑀50
)

−𝐻𝑖𝑙𝑙) Equation 5 

where Fmat is the fraction of the adult busulfan clearance value, TM50 is the PMA at which 

maturation is 50% of the adult value, and Hill defines the steepness of the change with 

PMA.(20, 21)  PMA was estimated by adding a gestational age of 40 weeks to post-natal age.(25) 

Differences associated with binary covariates (e.g., sex (Fsex) and disease (Fdisease)) were 

described based on the fractional difference of pharmacokinetic parameter between the two 

groups.  Once all the covariates were defined, covariate factors were combined to predict 

busulfan clearance for that specific group (CLGRP).  Group clearance includes those covariates 

identified in the model to characterize that specific population’s pharmacokinetic parameters 

(Equation 7): 

𝐶𝐿𝐺𝑅𝑃 = 𝐶𝐿𝑝𝑜𝑝 × 𝐹𝑚𝑎𝑡 × 𝐹𝑠𝑖𝑧𝑒 × 𝐹𝑠𝑒𝑥  Equation 6 

where CLpop is the overall population value of parameter.  A similar model was used for 

intercompartmental clearance (Q), with Fmat and Fsex fixed to 1, and for V1 and V2, with Fmat 

fixed to 1. 

Random effects 

Individual Parameter Model 
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Population parameter variability (PPV) was described using an exponential model for the 

random effects (Equation 8): 

𝑃𝑖𝑗 = 𝑃𝑝𝑜𝑝 × 𝑒𝑥𝑝(𝜂𝑖 + 𝜅𝑗) Equation 7 

where Pij is the parameter value for the ith individual on the jth occasion, and Ppop is the 

population value for the population parameter P (e.g., CL).  The random effect model for BSV on 

TBW was proportional to TBW (Equation 8): 

𝑇𝐵𝑊𝑖𝑗 = 𝑇𝐵𝑊𝑝𝑜𝑝 × (1 + 𝜂𝑖) Equation 8 

Only BSV was estimated for TBW under the assumption that the same DWT method was used 

on all occasions for an individual patient. 

Observation Model 

Residual unidentified variability (RUV) was described by assuming a combined model with 

proportional and additive normal distributions of random differences of the observed 

concentration-time data from the predicted concentration-time data.  BSV in the residual error 

model was estimated for each observation by obtaining estimates of proportional (θRUV_CV) and 

additive (θRUV_SD) residual error parameters.  The BSV of the RUV random effect (ηPPV_RUV) was 

estimated.(22)  The ε random effect was fixed with a unit variance (Equation 10): 

𝑆𝐷𝑖,𝑗 = 𝑠𝑞𝑟𝑡 ((𝐶𝑖,𝑗 × 𝜃𝑅𝑈𝑉_𝐶𝑉)
2

+ 𝜃𝑅𝑈𝑉_𝑆𝐷
2) × 𝑒

𝜂𝑃𝑃𝑉𝑅𝑈𝑉,𝑖 Equation 9 

𝑌 = 𝐶𝑖,𝑗 + 𝑆𝐷𝑖,𝑗 × 𝜀 Equation 10 

where Ci,j is the predicted concentration in the ith individual at the jth measurement time. 

Model Selection and Evaluation 

Model selection was based on bootstrap parameter confidence intervals, OFV, and the 

plausibility of visual predictive check (VPC) plots.  Measures of parameter imprecision were 

computed using bootstrap methods.(26, 27)  VPCs were used to evaluate the overall predictive 

performance of the model for concentrations.(28)  Prediction-corrected VPCs were used to 

account for differences in covariates and dose adjustments based on previous 

concentrations.(29) 

Initial Dosing Prediction 
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The initial busulfan dose for Q6h dosing frequency is provided by both the Food and Drug 

Administration (FDA) and the European Medicines Agency (EMA) product labels, as described 

in Supplemental Table 1.  The FDA dosing is based upon the modeling of Booth et al.,(30) which 

recommends busulfan dosing based on ABW in children.  In adults, the FDA model 

recommends using either ABW or ideal body weight, or adjusted ideal body weight (AIBW; 

Equation 11) for obese patients.  

𝐴𝐼𝐵𝑊 = 𝐼𝐵𝑊 + 0.25 × (𝑇𝐵𝑊 − 𝐼𝐵𝑊) Equation 11 

This differs from the EMA dosing, which is based upon the modeling of Nguyen et al.,(31) and 

has five dosing increments based on either ABW (for children who are not obese) or AIBW in 

obese adults.  We evaluated the EMA dosing, using TBW for obese children and AIBW for obese 

adults.  A body mass index greater than 28 kg/m2 was used to define obesity, and IBW or AIBW 

was applied only for age>16 years (adult) because the IBW calculation may give negative values 

in children.  Using the EMA dosing, we also evaluated the clearance prediction models from 

three recently published studies (15-17) to calculate initial dose. 

After final model construction, dosing simulations were conducted to estimate the initial IV 

busulfan dose using a daily (i.e., Q24h) dosing frequency.  Linear pharmacokinetics after Q6h 

and Q24h dosing frequency have been reported with IV busulfan.(32)  Thus, the initial dosing 

can be adjusted for any dosing frequency (e.g., dividing by 4 to obtain the intial dose with Q6h 

dosing frequency).  Busulfan target exposure is expressed as Css, which is preferable to AUC 

because Css incorporates dosing frequency (i.e., Css=AUC/dosing frequency).  The FDA and 

EMA dosing simulation had a busulfan target AUC of 1125 μM×min with a Q6h dosing 

frequency,(30, 31) which equates to a Css of 770 ng/mL.  Therefore, a target Css of 770 ng/mL 

was used for dosing simulations.  To determine those within an acceptable range, the 

therapeutic window for bioequivalence - widely used for drugs with a narrow therapeutic index - 

was used.  It was set as no greater than 25% higher and no less than 20% lower than the target.  

Therefore, the acceptable therapeutic window equals 592-963 ng/mL. 

Computation 

Non-linear models were developed using NONMEM (Version 7 Level 2.0) (33) and Wings for 

NONMEM.(34)  The first-order conditional estimate method with the interaction option was 

used with PREDPP library models.  A convergence criterion of three significant digits was used 

to identify successful minimization.  Computation was performed using Intel Xeon, Pentium, 

Core or Athlon MP2000 processors with Microsoft Windows 2003, Windows XP, or Windows 7.  
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The Intel Visual Fortran compiler (Version 11) with compiler options of /nologo /nbs /w 

/4Yportlib /Gs /Ob1gyti /Qprec_div was used to compile NONMEM. 

 

RESULTS 

Patient characteristics 

Patient pre-transplant demographics and HCT characteristics are described in Table 1 with a 

more detailed description in Supplemental Table 2.  For the overall patient population, the 

mean age was 9.8 years (range: 0.1 to 65.8); the majority (92%) were <20 years old.  The 

majority (904 of 1,610, 56%) of the patients were male.  The gestational age and post-natal age 

were not available; the gestational age was calculated assuming that all infants were of 40 weeks 

gestation.  Of the 466 infants (<2 years old), 256 were less than 1 year and 25 were less than 3 

months post-natal age.  There were 701 patients (44%) less than four years old, which is the 

dosing threshold for COG studies, and 451 patients (28%) weighed less than 12 kg, at which 

weight higher initial IV busulfan doses are recommended in the FDA package insert.(30) 

Structural model 

The final model consisted of two-compartments for distribution with first-order elimination.  

There was no evidence for mixed order elimination.  Bootstrap population parameter estimates 

from the age- and size-dependent model using theory-based allometry are summarized in Table 

2.  The shrinkage of the random effects for the structural parameters was CL= 17%, V1=31%, 

Q=31%, and V2=38%. Regarding the distribution process, a sample drawn exactly at the end of 

the infusion may be too soon to reflect the distribution process predicted from the model.  A 

subset of the data excluding concentration-time points drawn within 5 minutes of the end of the 

infusion was used with the model developed from all of the data.  The parameter estimates were 

very similar, suggesting that there was no important bias introduced from including the end of 

infusion concentration-time points.   

Group parameter model 

Because of the large number of patients and the wide spread of body sizes we estimated the 

allometric exponents for each of the four main pharmacokinetic parameters (Supplemental 

Table 4).  Initial estimates of 2/3 and 1.25 were used for the clearance and volume exponents. 

Theory-based exponents were confirmed for CL (¾), V1 and V2 (1) (Table 2).  The confidence 
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interval for the intercompartmental clearance between V1 and V2 (Q) included the theory-based 

values for both clearances and volumes, so no conclusion could be drawn about the use of a 

theory-based value of ¾.  When ABW was not available, it was estimated from DWT and sex 

(Equation 3).  The fraction of dosing weight (FDW) that predicted TBW was indistinguishable 

from 1 and was fixed to 1, but predicted TBW was 8% higher in women (FFEMDW).  The 

predicted distribution of TBW was similar to that of ABW in children with DWT < 40 kg; 

however, the TBW was higher than DWT in adults as expected if DWT is based on AIBW 

(Supplemental Figure 1).  The estimates of the size-dependent parameters are expressed per 70 

kg of NFM in an adult.  Based on the ABW-available data set, the Ffat for clearance is 0.509 and 

for the volume of the central compartment (V1) is 0.203.  These values indicate that the 

biologically effective body size determining clearance is proportional to FFM plus 51% of fat 

mass, while for volume it is proportional to FFM plus 20% of fat mass.  As shown by the VPC 

(Figure 1, Supplemental Figure 2), this age- and size- model accurately described busulfan 

pharmacokinetics over the entire age continuum (0.1 – 65.8 years).  The maturation of busulfan 

clearance reaches 50% of adult values at 46 weeks PMA, i.e. 6 weeks after birth assuming a full 

term gestational age of 40 weeks.  Size standardized clearance reaches 95% of adult values at 2.5 

post-natal years (Figure 2).  In addition, busulfan clearance decreases over time.  Compared to 

the clearance from 0-6 h, the clearance from 6-36h was 6.8% lower and from 36h-83h was 8.1% 

lower.   

Female sex was associated with a 7% higher volume of distribution (central and peripheral 

volume; 11.9 units smaller OFV in ABW-available data set and 35.4 units smaller with the full 

data set) but there was no effect of sex on clearance.  There was no difference in clearance or 

volume of distribution in patients who had malignancy as their primary diagnosis (N=778) 

compared with patients with non-malignant diseases (N=632). 

Random effects model 

Both BSV and BOV were included to account for the potential influence of various factors on 

busulfan pharmacokinetics, including sex and disease (malignant vs. non-malignant) 

(Supplemental Table 5).  The BSV was moderate for clearance, with greater BSV for the volumes 

of distribution (V1 and V2) and the intercompartmental clearance between V1 and V2 (Q).  A 

similar trend was observed for the BOV.  The BSV and BOV for clearance had apparent 

coefficients of variation of 21.5% and 11.3% respectively.  The BSV around TBW had an apparent 

coefficient of variation of 16.0%. 
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Comparison with recent IV busulfan population pharmacokinetic models 

By creating this model using data from such a wide age range, we sought to define busulfan 

pharmacokinetics regardless of age or body size to guide IV busulfan dosing and TDM for any 

patient with just one model.  Our age- and size-dependent model accounted for physiologically-

based differences in body composition and ontology over the age range.  To evaluate the 

prediction accuracy in children, we examined recently published busulfan pharmacokinetic 

models created from pediatric datasets.(15-17)  These models were tested by re-estimating the 

model parameters using our data set (Supplemental Table 6).  The Paci and Bartelink models 

used empirical allometric models for clearance to account for size and maturation, while the 

Trame model used theory-based allometry without accounting for maturation (Supplemental 

Table 1).  The current data set was more accurately described with the age- and size-dependent 

model using NFM.  Specifically, the Paci model had a worse OFV by 1594 units with the ABW-

available data set and by 6446 units when the full dataset was used.  The Bartelink model had a 

worse OFV by 911 units with the ABW-available data set and by 4097 units when the full dataset 

was used.  Similarly, the Trame model had a worse OFV by 1025 units with ABW-available data 

set and by 5488 units when the full dataset was used.   

Comparison of initial dosing predictions 

The empirical Bayes estimate of clearance from our age- and size-dependent model was used to 

calculate the daily dose of busulfan to maintain the target Css of 770 ng/mL.  These individual 

estimates are expected to be quite precise because the Bayesian shrinkage was only 17%. The 

initial IV busulfan dose predictions using our age- and size-dependent model (detailed in 

Methods and Supplemental Table 7) were compared to the FDA and EMA dosing (Table 3).  Our 

age- and size-dependent model led to a higher percentage of patients achieving the therapeutic 

window compared to the FDA dosing in the entire population (p<0.0001), with the differences 

lying in children <10y.  A similar percentage of patients would achieve the therapeutic window 

using the EMA dosing compared to our age- and size-dependent model in the entire population 

(p=0.214), with a statistically – but most likely not clinically – significant difference in children 

between 10 to < 15 years.  Our age- and size-dependent model had comparable performance to 

the recent IV busulfan population pharmacokinetic models (Supplemental Table 6).   

 

DISCUSSION 
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We sought to create a busulfan pharmacokinetic model that is generalizable to all patients, 

which was achieved by using this age- and size-dependent model (Table 2).  Our main findings 

are:  1) this age- and size-dependent model accurately predicts IV busulfan concentrations over 

a wide range of body weights and ages (Figure 1); 2) IV busulfan clearance, scaled to size (i.e., 

NFM), reaches 95% of adult values at 2.5 post-natal years (Figure 2); 3) the model yields similar 

pharmacokinetic parameters compared to recently reported population pharmacokinetic models 

from smaller, exclusively pediatric populations; 4) initial dosing predictions indicate that our 

age- and size-dependent model performs well compared to other methods, especially FDA 

dosing guidelines (Table 3).   

This study has provided the first adequately-powered test confirming theory-based allometry for 

clearance and volume parameters.  The maturation of clearance in infants has been described 

for many drugs using a sigmoid function of PMA.(21)  Although the function is empirical, it has 

physiological limits.  Specifically, these limits predict a clearance of zero at conception and 

approach adult values as maturation is completed. We have applied the same maturation 

function to busulfan and find that maturation reaches 50% of adult values at 46 weeks PMA.  

Busulfan clearance reaches 95% of adult values at 2.5 post-natal years.  An earlier analysis of a 

subset of the current data that found children less than four years of age had lower busulfan 

clearance than adults using BSA scaling without considering body composition.(3)  Using 

physiologically-based descriptions of body composition and theory-based allometric principles, 

we have shown that busulfan clearance and volume are predicted neither by TBW nor by FFM, 

but by a size that lies between the two.  We recognize that our dataset is limited because ABW 

was available in only 133 patients.  However, DWT was available for all 1610 patients; many of 

the previously published busulfan population pharmacokinetic models were created with only 

DWT (Supplemental Table 1).  There are few population pharmacokinetic models of IV busulfan 

from adults (N=37(12) to 127(10)).  It should be appreciated that our age- and size-dependent 

model was constructed using data from one of the largest studies in adults (N=128).  Likewise, 

the age- and size-dependent model may also improve IV busulfan dosing in the obese.  The 

paucity of pharmacokinetic data for chemotherapy dosing in obese patients is gaining attention, 

and pooling data from previous studies to test chemotherapy dosing recommendations for obese 

patients has recently been encouraged.(35)  Validation of the model in adult populations – 

particularly the obese – is needed, as our results clearly show our age- and size-dependent 

model predicts busulfan pharmacokinetics as well as the existing models generated from 

pediatric data (Supplemental Table 6).  Notably, busulfan pharmacokinetic parameters were not 

influenced by disease (malignant vs. non-malignant), which is consistent with previous data.(3, 
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36)  Also consistent with previous data(37, 38) was our observation of a slight decrease in 

busulfan clearance over time. 

This data set was obtained from 51 institutions that were targeting IV busulfan doses for clinical 

purposes, thus providing an accurate assessment of the challenges of personalizing doses based 

on pharmacokinetics (i.e., TDM).  Only a minority of concentrations (367 of 12,747, see 

Supplemental Methods) were considered problematic, proving that TDM is feasible in a clinical 

setting.  Appreciable debate regarding the optimal initial IV busulfan dose has resulted from the 

Trame report.(15, 39)  The FDA dosing guidance was based on simulations using a pediatric 

population pharmacokinetic model that indicated that ~60% of children would achieve a 

busulfan Css between 615 and 925 ng/mL.(30)  Nguyen et al. had developed five-category 

dosing guidelines (i.e., EMA dosing) that was expected to achieve a mean busulfan Css of 770 

ng/mL based on a different pediatric population pharmacokinetic model.(31)  The success of the 

EMA dosing guidance to achieve a busulfan Css of 615 to 1025 ng/mL without TDM has been 

variable.(15, 40-42)  Recently, Trame et al. created a busulfan population pharmacokinetic 

model from 94 children receiving oral (N=54) or IV (N=40) busulfan.(15)  Their simulations 

revealed that only 44% of children would achieve a busulfan Css of 615 to 1025 ng/mL when 

EMA dosing was used without TDM, and that a higher proportion (70-71%) would achieve this 

therapeutic window with dosing based on BSA or allometric body weight.  Our age- and size-

dependent model performed similarly to the Trame model (Supplemental Table 6).  In addition, 

compared to FDA dosing, our model can more accurately estimate the initial IV busulfan dose to 

more rapidly achieve the therapeutic busulfan Css (Table 3).  Our model did appreciably better 

than FDA dosing for children < 10 years, and achieved a similar percentage within the 

therapeutic window as the EMA dosing.  The generalizability of our model provides a robust tool 

for prescribers to dose busulfan with minimal concern regarding the original population from 

which the model was constructed.   

To our knowledge, we are the first to describe the maturation of  busulfan clearance; our data 

modeling indicates that at 2.5 years of age IV busulfan clearance is essentially (95th percentile) 

that of adults.  Collection of PMA would be useful for implementation of this model for 

estimating busulfan clearance in children < 2.5 years.  These covariates can be used for initial IV 

busulfan dosing and also for TDM.  Dose prediction can be based on a prescriber-chosen target 

exposure.  There has been a practice trend towards a Q24h instead of the traditional Q6h dosing 

frequency.(2)  A target exposure expressed using Css is preferable to expression using AUC 

because Css (i.e., Css=AUC/dosing frequency) incorporates the dosing frequency.  This allows 
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the prescriber to choose a single target Css and dosing frequency independently.  Subsequent 

dose personalization can take place using measured busulfan concentrations.  The estimated 

BOV in clearance (11.3%) indicates that 95% of patients can expect to achieve a Css within the 

80-125% acceptable therapeutic window (43) with appropriate dose adjustment. 

In conclusion, we built a novel population pharmacokinetic model, reliant on the largest 

busulfan database to date, that spans a wide age range (i.e., neonates to adults), accounting for 

age, body weight, and body composition (i.e., NFM).  The model is based on principles that have 

already been shown to be robust for predictions with other small molecule agents from neonates 

to adults.(44)  Future work should focus on incorporation of this model into a decision support 

system that includes relevant clinical data in a user-friendly interface to clearly communicate 

the optimal busulfan dose for HCT recipients.  This model can accurately estimate the initial 

busulfan dose, hopefully improving upon the current initial dosing practices in which only 

24.3% of children achieve the patient-specific therapeutic window of busulfan exposure.(3)  

Furthermore, by including pharmacokinetic sampling, this model can also be used for more 

efficient TDM by using Bayesian predictions for personalized busulfan dosing, which has been 

previously used in HCT recipients.(9, 13) 
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Figure legends. 

Figure 1.  Visual predictive checks (VPCs) by total body weight for overall cohort (A), by post-

natal age (PNA) for the overall cohort (B) and by PNA for children (C).  Dashed lines represent 

the 5th and 95th percentiles of the observed data.  Solid lines represent the 5th and 95th percentiles 

of simulated data.  Open circles and crosses represent 50th percentile of observed and simulated 

data.  Most adults received daily IV busulfan and most children 6 hourly IV busulfan. 

Figure 2.  Maturation of size standardized busulfan clearance, as L/h/62 kg normal fat mass 

(NFM).  Symbols are empirical Bayes estimates scaled to 62kg NFM.  The solid line is the 

predicted maturation function for IV busulfan clearance. 
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Table 1.  Description of patient populationa 
 ABW-available only Overall 
Number (No.) of patients 133 1610 
Age, in years 42.9±20.7 

(0.4 - 65.8) 
9.8 ±13.0 
(0.1 to 65.8) 

No. < 4 years 16 (12%) 701 (43%) 
Dosing weight (DWT, kg) 58.9±22.3 30.2 ± 24.1 
No. DWT < 12 kgb 13 (10%) 466 (29%)b 
Sex   

Male 72 (54%) 904 (56%) 
Female 61 (46%) 689 (43%) 
Not reported 0 17 (1%) 

Diagnosisc   
Malignant 100 (75%) 978 (61%) 
Not malignant 33 (25%) 632 (39%) 

Dosing frequencyd   
Q6h 39 (29%) 1387 (88%) 
Q8h 0 9 (1%) 
Q12h 0 8 (1%) 
Q24h (daily) 94 (71%) 166 (11%) 

No. of Css per patiente   
1 13 (10%) 1401 (87%) 
2 3 (2%) 89 (6%) 
3 117 (88%) 120 (7%) 

aData presented as number (%) or mean ± standard deviation, percentages may not total 
100 because of rounding; bper FDA-approved package labeling; cSupplemental Table 2 
details disease classifications; dUnknown for 40 patients who only had TDM after a test 
dose; percentages calculated from the remaining 1,570 patients; eCss used to express 
busulfan exposure because of the different dosing frequencies. 
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Table 2.  Population pharmacokinetic parameters estimates with theory-based allometric 
exponents (100 bootstrap replications) 

Parameter Description Unitsa Bootstrap 
Estimate 
(RSE%) 

CL Clearance L/h/62kg NFM CL 11.4 (1.1) 
V1 Central volume of distribution L/59kg NFM V 13.9 (6.6) 
Q Inter-compartmental clearance L/h/62kg NFM CL  135.2 (7.2) 
V2 Peripheral volume of distribution L/59kg NFM V  29.9 (3.0) 
FFATCL

b Fat fraction for clearance . 0.509 (42.8) 
FFATV

b Fat fraction for volume . 0.203 (51.6) 

TM50CL PMA at 50% maturation . 45.7 (4.3) 

HILLCL Hill coefficient for maturation . 2.3 (9.7) 
FFEMV Fractional difference in total volume 

(V1+V2) in females 
. 1.07 (1.2) 

FFEMDW Fractional difference in dosing weight in 
females 

. 1.08 (1.7) 

FT1_CL Fraction of 0-6 h clearance >6 and <36 h . 0.932 (1.2) 
FT2_CL Fraction of 0-6 h clearance >36 h . 0.919 (1.4) 
Between Subject Variability (BSV)a 

TBW   0.166 (7.8) 
CL   0.215 (4.7) 
V1   0.410 (10.8) 
Q   0.922 (9.1) 
V2   0.120 (23.8) 

Between Occasion Variability (BOV)b 
CL   0.113 (14.8) 
V1   0.244 (20.0) 
Q   0.577 (24.6) 
V2   0.212 (12.4) 

RUVADD
c Additive residual unidentified variability ng/mL 26.2 (13.7) 

RUVPROP
c Proportional residual unidentified 

variability 
. 0.0387 (12.8) 

aThe NFM of 62 kg for CL and 59 kg for V correspond to allometrically scaled total body 
weights of 70 kg. bBootstrap estimates for FFATCL and FFATV from ABW available data only.  
cRandom effects are expressed as the square root of the estimated variance.  BSV and BOV 
estimates are the apparent coefficient of variation of the variability. 
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Table 3.  Comparison of accuracy of model-based IV busulfan dose predictions by model and 

age group to achieve the therapeutic window for busulfan Css of 592 – 963 ng/mL 

Age (years) 
% in therapeutic window by method (p-valuea) 

Age- and size- dependent model FDAb EMA 

All 

(N=1610c) 
72% 

57% 

(<.0001) 

70% 
(0.214) 

≥ 20 

(N=128) 
82% 

83% 
(0.87) 

84% 
(0.616) 

15 to <20 

(N=224) 
76% 

78% 
(0.575) 

80% 
(0.305) 

10 to <15 

(N=238) 
77% 

68% 
(0.031) 

65% 
(0.005) 

5 to <10 

(N=249) 
78% 

49% 
(<.0001) 

71% 
(0.081) 

2 to <5 

(N=304) 
70% 

33% 
(<.0001) 

71% 
(0.79) 

1 to <2 

(N=210) 
69% 

54% 
(0.001) 

72% 
(0.521) 

< 1 

(N=256) 
62% 

54% 
(0.060) 

61% 
(0.785) 

ap-value from chi-squared analysis of the number of patients within the therapeutic window by dosing method 

compared to age- and size-dependent model .  bThe product labeling doses for Q6h dosing frequency are as follows:  

FDA dosing is 1.1 mg/kg for ≤ 12 kg and 0.8 mg/kg for >12 kg.  EMA dosing is 1 mg/kg for <9kg, 1.2mg/kg for 9 to 

<16kg, 1.1mg/kg for 16 to 23kg, 0.95mg/kg for >23 to 34 kg, and 0.8mg/kg for >34 kg. cAge was unavailable for one 

patient. 
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SUPPLEMENTAL MATERIALS & METHODS 

Data incorporation and quality assurance 

As previously described,(3) each patient had an individual Microsoft Excel (Redmond, WA) 

worksheet that contained relevant patient information, busulfan pharmacokinetic results, and 

busulfan dose recommendations. A custom-built and validated MS Excel or SAS (Cary, NC) 

macro was used to take data from these individual worksheets and incorporate them into the 

final spreadsheet.  After data incorporation, SAS was used for quality assurance of the busulfan 

concentration-time data.  Of the 12,747 concentration-time points available, 367 (3%) were 

excluded for varying reasons (i.e., 242 (66%) were “flat” (i.e., no apparent elimination) or 

fluctuating concentration-time points (suggesting contamination due to inadequate flushing of 

the IV line before drawing the blood sample), 47 (13%) were aberrantly high within the first 

hour after the end of infusion (suggesting inadequate flushing of IV line or drug administration 

continuing after the stated end of infusion), 25 (7%) aberrantly high final concentration-time 

point (suggesting the subsequent dose was administered during or prior to the final 

concentration-time point being drawn), 22 (6%) concentration-time points collected while drug 

was still being infused, and 31 (8%) for numerous other miscellaneous reasons. 
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Supplemental Table 1.  Prior population pharmacokinetic models and initial dosing for children receiving IV busulfan 

Author Patient population Busulfan Dose 

Samplinga & 

Quantitation  Model 

Pharmacokinetic 

parameters Covariates 

Q6h dosing 

guidelines 

Booth 

(30)  

N=24 (12 male) 

10 centers 

Age (y): 6.3b (0.25 - 

16.7), 14 < 4 yr old 

Weight (kg): 23.8b (7.1 - 

62.6) 

BSA (m2): 0.8b (0.37 - 

1.67) 

Disease: 

Malignant 62%, 

Nonmalignant 38% 

IV only, 2 h 

infusion, Q6h 

 

1mg/kg ≤4y,  

0.8mg/kg >4y 

Doses 1 and 9:  

Pre and 0.5, 

0.75, 1, 2, 2.5, 

3, 4, 5, and 6 h  

Dose 13:  sparse 

sampling 

(times not 

specified) 

 

GC-MS (LOQ 62 

ng/mL) 

1 cmpt with 

empirical 

allometric 

scaling.  

Exponents 

were 0.742 for 

clearance and 

0.843 for 

volume of 

distribution 

Clearance  

   0.202 L/h/kg 

   BSV 23% 

   BOV 9.5% 

 

Volume of 

distribution 

(V) 

   12.8 L/20 kg 

   BSV 11% 

Actual body 

weight 

 

Not 

significant 

covariates: 

age 

Yes 

1.1 mg/kg ≤12 kg 

(ABW) 

0.8 mg/kg for 

children weighing 

>12 kg (ABW) 

0.8 mg/kg for 

adults using 

either ABW, ideal 

body weight, or 

AIBW 

Nguyen 

(31)  

N=24 (12 male) 

10 centers 

Age (y): 6.0b (0.45 - 

16.7) 

Weight (kg):  22.9b (7.1 - 

62.6) 

BSA (m2): 0.8b (0.37 - 

1.67) 

Disease: 

Malignant 62%, 

Nonmalignant 38% 

IV only, 2 h 

infusion, Q6h 

 

1mg/kg ≤4y,  

0.8mg/kg >4y 

Doses 1 and 9:  

Pre and 

0.25,0.5, 0.75, 

1.92, 2.25, 2.5, 

3, 4 and 6 h  

Dose 13:   

preinfusion 

and 

immediately 

after the end of 

the infusion 

 

GC-MS (LOQ 62 

ng/mL) 

1 cmpt.  

Volume of the 

central 

compartment 

was an 

empirical 

allometric 

function of 

ABW with an 

exponent of 

0.85.  CL was 

a log-linear 

function of 

ABW or BSA. 

Clearance:   

   4.57 L/h 

   BSV 19% 

   BOV 9% 

 

V:  0.85 L 

   BSV=12% 

Body 

weight, BSA 

 

Not 

significant 

covariates: 

age, height, 

sex, BSA 

Yes: 

1 mg/kg for <9kg, 

1.2mg/kg for 9 to 

<16kg, 1.1mg/kg 

for 16 to 23kg, 

0.95mg/kg for ; 

>23 to 34 kg, and 

0.8mg/kg for >34 

kg.  Use ABW for 

pediatric dosing, 

except in obese 

children for whom 

no 

recommendation 

is provided. 

Use AIBW in 

obese adults 

Veal N=63 (37 male) IV (38) or PO Doses 1 nd 9:  1 cmpt with Clearance: Body No 
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(42) 9 centers 

Age (y): 3.6c (0.7 - 13.1) 

Weight (kg):  

   IV: 14.9b (7.2–62.5) 

   PO: 14.7b (10.2–22.6) 

BSA (m2): 

   IV: 0.62b (0.38–1.67) 

   PO: 0.64b (0.49–0.85) 

Disease: Neuroblastoma 

only 

(25) Q6h 

IV:  2 h infusion 

at five fixed 

dose levels 

from 0.8 to 

1.2 mg/kg 

PO: 30 mg/m2 

(1.45 mg/kg) 

<12 kg; 37.5 

mg/m2 (1.55 

mg/kg) >12 kg 

Pre, 2, 4, and 6 

h OR Pre and 1, 

2.25, 2.5, 3 and 

6 h 

Dose 13:  Pre, 2.5, 

6 h 

 

GC-MS (LOQ 20 

ng/mL) 

theory-based 

allometric 

scaling with 

allometric 

scaling.  

Exponents 

were fixed to 

0.75 and 1.0 

for clearance 

and volume of 

distribution, 

respectively 

   0.247 L/h/kg 

   BSV 14.5% 

   BOV 11.3% 

 

Volume: 

   0.757 L/kg 

   BSV:  8.96% 

weightd 

Zwavelin

g 

(36) 

N=77 (NA male) 

2 centers 

Age (y): 5c (0.2 - 23) 

Weight (kg): 19c (4.5 - 

73) 

BSA: not available 

Disease: 

Malignant 45%, 

Nonmalignant 55% 

IV only, infusion 

duration, and 

dosing 

interval varied 

 

Dosing varied 

Day 1 only 2.5 

and 4 he if Q6h 

administration 

or 4, 5, and 6 

or 7 h if Q24h 

administration 

 

HPLC-UV (no 

LOQ) 

1 cmpt with 

first-order 

elimination 

with empirical 

allometric 

scaling.  

Exponents 

were 0.84 for 

clearance and 

0.98 for 

volume of 

distribution. 

Clearance:   

   4.8 L/h  

 

Volume:  15 L 

Actual body 

weight 

 

NOT 

significant 

covariates: 

disease 

(malignant 

vs. not), 

BSA, age, 

GSTA1, 

GSTM1, 

GSTP1, 

GSTT1 

polymorphi

sms 

No 

Trame 

(15) 

N=94f (NA male) 

3 centers 

Age (y): 9.2c (0.4 - 18.8) 

Weight (kg): 27.2c (4.2 - 

IV (40) or PO 

(54) infusion 

duration, and 

dosing 

Varied. 

 

Four different 

assays (LOQ 

1 cmpt with  

theory-based 

allometric 

scaling.  CL 

Clearance   

   4.16L/h/m2, BSV 

10%  

   OR 

Body 

weightd, 

BSA 

Yes: 

 

Dose (mg)= 

6 × Csstarget × 4.11 
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80) 

BSA (m2): 1.02c (0.26 - 

2) 

Disease: not available 

interval varied 

 

Dosing varied 

varied by 

assay) 

modeled as a 

function of 

BW raised to 

the power of 
3/4 

    4.11 L/h/kg0.75,  

BSV  10% 

BOV  21% 

 

Volume:   

   18.4 L/kg   

BSV 24% 

BOV:  21% 

× (ABW/70)3/4  

Paci 

(17) 

N=205 (NA male) 

Multicenter 

Age (y): 2.5c (0.03 - 15) 

Weight (kg): 12c (3.5 - 

62.5) 

BSA (m2): 0.54c (0.06 - 

1.7) 

Disease: 

Malignant 40%, 

Nonmalignant 55%, 

unknown 5%  

IV only, 2 h 

infusion, Q6h  

Europe:  Nguyen 

guidelines 

 

US:  1mg/kg for 

age ≤4y, 

0.8mg/kg for 

age >4y 

After doses 1, 9, 

and 13:  Pre, 1, 

2, 2.25, 3, and 

6h OR Pre, 2.5, 

and 6h 

 

Various (LOQ 20 

ng/mL) 

1 cmpt with a 

zero-order 

input, a first-

order 

elimination, 

and empirical 

allometric 

scaling for 

clearance.  

For clearance, 

different 

allometric 

exponent of 

1.25 if BW <9 

kg and 0.76 if 

BW > 9 kg 

Clearance: 

   2.18 L/h 

   BSV  23% 

   BOV 11% 

 

Volume:   

   0.76 L 

   BSV  22% 

 

Clearance 

(L/h/kg)  

ABW <9kg  

0.217±0.0592 

ABW 9 to <16kg: 

0.235 ± 0.0459 

ABW 16 to 23kg: 

0.229 ± 0.0531 

ABW >23 to 34kg: 

0.197 ± 0.0359 

ABW >34kg: 0.156 

± 0.0203 

Actual body 

weight 

 

Not 

significant 

covariates: 

Age, sex, 

phenytoin 

vs. 

benzodiazep

ine, 

creatinine 

clearance, 

ferritin, 

total 

birlirubin, 

aminotransf

erases, 

alkaline 

phosphatase

, glutamyl-

transferase, 

total 

protein, 

No 
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lactate 

dehydrogen

ase 

Bartelin

k 

(16) 

N=403 (142 male) 

4 centers 

Age (y): 3.33c (0.1 - 26) 

Weight (kg): 15.3c (3.1 - 

109) 

BSA (m2): 0.65c (0.2 - 

2.4) 

Disease:  

Malignant  47%, 

Nonmalignant 53% 

IV only, infusion 

duration, and 

dosing 

interval varied 

 

Dosing varied by 

institution 

Varied by 

institution 

 

Four various 

assays (3 cross 

validated, LOQ 

5-50 ng/mL) 

2 cmpt with 

empirical 

allometric 

scaling for 

clearance.  

with a scaling 

exponent, 

which 

changed with 

body weight 

from 1.2 in 

neonates to 

0.55 in young 

adults 

Clearance 

   0.227 L/h/kg 

   BSV 27% 

   BOV 15% 

 

Volume 

   0.725 L/kg 

   BSV 20% 

 

Intercompartment

al clearance: 

   0.495 L/h/kg 

   BSV 88% 

Body 

weightd, 

BSA, age 

 

Not 

significant 

covariates: 

institution, 

dosing 

frequency, 

concomitant 

medications
g 

Yes 

aPharmacokinetic sampling times from start of infusion or PO administration; bvalue is the average for this data set; cvalue is the median for this 

data set; dmethod of estimating body weight not available; eFor six patients, a denser blood sampling schedule including four blood samples was 

performed at ~ 2.5, 3, 4, and 6 hours after the end of infusion; fdevelopment dataset only - this model was subsequently validated in a separate 

dataset of 24 patients; gthe following concomitant meds were evaluated if used by > 10% of patients:  glucocorticoids, antibacterials, co-trimoxazole, 

antivirals, omeprazole/pantoprazole, antimycotics, fluconazole, alizapride, ondansetron, opiates, antihistamines, diuretics, ursodeoxychol acid, 

benzodiazepines, > 1 drug cleared via renal clearance, > 1 drug cleared via cytochrome P450, > 1 drug cleared via phase II metabolism. 

Abbreviations:  ABW - actual body weight; AIBW – adjusted ideal body weight (Equation 12); BOV - between occasion variability; BSA - body 

surface area; BSV - between subject variability; cmpt - compartment; GC/MS -gas chromatographic method with mass spectrometric detection; GST 

- glutathione S-transferase; HCT - hematopoietic cell transplant; HPLC-UV - high-performance liquid chromatography with ultraviolet detection; 

IV- intravenous; LOQ - limit of quantitation.  
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Supplemental Table 2.  Detailed description of patient population characteristicsa 

Age (years)a ABW-available patientsb All patientsc 

0 to <0.25 0 25 (2%) 

0.25 to <1 6 (5%) 231 (14%) 
1 to <2 6 (5%) 210 (13%) 
2 to <4 4 (3%) 235 (15%) 
4 to <6 0 117 (7%) 
6 to <8 0 116 (7%) 
8 to <10 2 (2%) 85 (5%) 
10 to <12 3 (2%) 90 (6%) 
12 to <14 1 (<1%) 96 (6%) 
14 to <16 2 (2%) 104 (6%) 
16 to <18 0 98 (6%) 
18 to <20 1 (<1%) 74 (5%) 
≥20 108 (81%) 128 (8%) 
Missing  0 1 (<1%) 
   

Diagnosisa   

Malignant   
Acute myelogenous leukemia/ 
myelodysplastic syndrome (AML/MDS) 

88 (66%) 610 (38%) 

Chronic myelogenous leukemia/juvenile 
myelomonocytic leukemia (CML/JMML) 

7 (5%) 119 (7%) 

Acute lymphoblastic lymphoma (ALL) 1 (1%) 104 (6%) 
Pediatric solid tumor 0 82 (5%) 
Secondary AML/MDS 0 23 (1%) 
Lymphoma 0 15 (1%) 
Hodgkin lymphoma 0 13 (1%) 
Myeloproliferative disorder 4 (3%) 12 (1%) 

Not malignant   
Combined immunodeficiency disorders 

(CID) 
4 (3%) 188 (12%) 

Metabolic storage diseases (MSD) 0 85 (5%) 
Histiocytic disorder 4 (3%) 79 (5%) 
Bone marrow failure 18 (14%) 66 (4%) 
Thalassemia 1 (1%) 63 (4%) 
Sickle cell anemia 1 (1%) 60 (4%) 
Granulocyte disorders 1 (1%) 29 (2%) 
Aplastic anemia 0 26 (2%) 
Osteopetrosis 4 (3%) 25 (2%) 
Other hematologic disease 0 6 (<1%) 
Unknown 0 5 (<1%) 

Dosing weight (kg)a   

0 to <10 10 (8%) 316 (20%) 
10 to <20 6 (5%) 498 (31%) 
20 to <30 4 (3%) 196 (12%) 
30 to <40 1 (1%) 94 (6%) 
40 to <50 5 (4%) 115 (7%) 
50 to <60 30 (23%) 134 (8%) 
60 to <70 33 (25%) 118 (7%) 
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70 to <80 29 (22%) 76 (5%) 
80 to <90 12 (9%) 40 (2%) 
90 to <100 2 (2%) 14 (1%) 
100 to <110 1 (1%) 6 (<1%) 
110 to <120 0 2 (<1%) 
≥120 0 1 (<1%) 

Body surface area (m2)a   

0 to <0.2 0 1 (<1%) 
0.2 to <0.4 6 (5%) 200 (12%) 
0.4 to <0.6 8 (6%) 360 (22%) 
0.6 to <0.8 2 (2%) 222 (14%) 
0.8 to <1 0 154 (10%) 
1 to <1.2 4 (3%) 95 (6%) 
1.2 to <1.4 2 (2%) 77 (5%) 
1.4 to <1.6 13 (10%) 143 (9%) 
1.6 to <1.8 28 (21%) 119 (7%) 
1.8 to <2.0 35 (26%) 96 (6%) 
2.0 to <2.2 24 (18%) 53 (3%) 
2.2 to <2.4 7 (5%) 24 (1%) 
2.4 to <2.6 3 (3%) 12 (<1% 
2.6 to <2.8 1 (1%) 3 (<1%) 
Missing 0 51 (3%) 

aValues are N(%); percentages may not add to 100 because of rounding; bN=133 unless otherwise 
specified; cN=1,610 unless otherwise specified 
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Supplemental Table 3.  Acknowledgement of the institutions who used the FHCRC (1999-
2001) or the SCCA Busulfan Pharmacokinetics Laboratory (2002-2011)
 
Akron Children's Hospital 

All Children's Hospital 

American Family Children’s Hospital 

Blair E. Batson Children's Hospital 

British Columbia Children's Hospital 

Cardinal Glennon Children's Medical Center 

Children's Hospital and Medical Center 

Children's Hospital and Research Center 

Children's Hospital of Alabama 

Children's Hospital of Orange County 

Children's Hospital of Pittsburgh 

Children's Hospital of Richmond 

Children's Hospital of Wisconsin 

Children's Hospital 

Children's Medical Center 

Children's Memorial Hospital 

Children's Mercy Hospital 

Children's National Medical Center 

Cincinnati Children's Hospital Medical 

Center 

Cook Children's Medical Center 

Doernbecher Children's Hospital 

Floating Hospital for Children at Tufts 

Medical Center 

Health Sciences Centre 

Helen DeVos Children's Hospital 

Kapi'olani Medical Center  

Levine Children's Hospital at Carolinas 

Medical Center 

Loma Linda University Children's Hospital 

Lucile Packard Children's Hospital 

Mattel Children's Hospital UCLA 

Medical City Children's Hospital 

Medical University of South Carolina 

Children's Hospital 

Memorial Sloan-Kettering Cancer Center 

Monroe Carell Jr. Children's Hospital at 

Vanderbilt 

Nationwide Children's Hospital 

North Carolina Children's Hospital 

Penn State Hershey Children's Hospital 

Phoenix Children's Hospital 

Presbyterian/St. Luke's Medical Center 

Primary Children's Medical Center 

Rady Children's Hospital 

Riley Hospital for Children 

Seattle Children's Hospital 

St. Louis Children's Hospital 

Steven and Alexandra Cohen Children's 

Medical Center 

Texas Transplant Institute/Methodist 

Children's Hospital 

The Bristol-Myers-Squibb Children's 

Hospital 

The Children's Hospital at Montefiore 

The Children's Hospital 

The Joseph M. Sanzari Children's Hospital 

University of Michigan C. S. Mott Children's 

Hospital 

Yale New Haven Children's Hospital
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Supplemental Table 4.  Empirical estimates of allometric exponents 

Parameter Description 
Bootstrap Estimate 
(RSE %) 

PWR_CL Allometric exponent for CL 0.769 
(2.3%) 

PWR_V Allometric exponent for V1 0.984 
(5.1%) 

PWR_Q Allometric exponent for Q 0.874 
(6.4%) 

PWR_V2 Allometric exponent for V2 0.948 
(2.2%) 
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Supplemental Table 5.  Correlation of between subject variability (BSV) and between 
occasion variability (BOV) of pharmacokinetic parameters. 

Description 
Bootstrap Estimate 

(RSE%) 

Between subject variability correlation 

CL with V1 
0.168 
(114.7) 

CL with Q 
0.351 
(29.8) 

CL with V2 
0.486 
(58.1) 

V1 with Q 
0.242 
(53.1) 

V1 with V2 
-0.292 
(65.4) 

Q with V2 
0.780 
(13.4) 

Between occasion variability correlation 

CL with V1 
-0.414 
(55.6) 

CL with Q 
0.739 
(32.9) 

CL with V2 
-0.565 
(38.8) 

V1 with Q 
0.665 
(20.6) 

V1 with V2 
-0.891 
(5.9) 

Q with V2 
0.841 
(12.0) 
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Supplemental Table 6.  Evaluation of alternative models created from pediatric datasets.  
Objective function value compared with age- and size- dependent modela 

First author Population Pharmacokinetic Model Description  
Data set 
ABW-available Overall 

Bartelink (16) 

2 compartment model with empirical allometric 
model for clearance; time and body weightb as 
covariates. +911 +4053 

Paci (17) 
1 compartment model with empirical allometric 
model for clearance; body weight as covariate. +1594 +6401 

Trame (15) 
1 compartment model with theory-based 
allometry; body weight as covariate. +1025 +5444 

Comparison of accuracy of model-based IV busulfan dose predictions by model and age group to 
achieve the therapeutic window for busulfan Css of 592-963 ng/mL 

Age (years) Model  % in therapeutic window p-value 

All  

Age- and size- dependent 72% 

0.0002 
Bartelink 66% 
Paci 66% 
Trame 66% 

≥ 20 

Age- and size- dependent 82% 

0.9980 
Bartelink 81% 
Paci 81% 
Trame 81% 

15 to <20 

Age- and size- dependent 76% 

0.4034 
Bartelink 70% 
Paci 72% 
Trame 69% 

10 to <15 

Age- and size- dependent 77% 

0.1611 
Bartelink 70% 
Paci 68% 
Trame 70% 

5 to <10 

Age- and size- dependent 78% 

0.0793 
Bartelink 70% 
Paci 69% 
Trame 69% 

2 to <5  

Age- and size- dependent 70% 

0.5785 
Bartelink 66% 
Paci 66% 
Trame 65% 

1 to <2 

Age- and size- dependent 69% 

0.1394 
Bartelink 60% 
Paci 60% 
Trame 60% 

< 1 

Age- and size- dependent 62% 

0.3813 
Bartelink 56% 
Paci 56% 
Trame 56% 

aIncrease in the NONMEM objective function value when the alternative models were compared 
with the age- and size- dependent model.  bFull description of body weight in Supplemental 
Table 1 
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Supplemental Table 7.  Predicted initial IV busulfan dose for daily administration to achieve a 
busulfan target Css of 770 ng/mL using the normal fat mass (NFM) model a 

Simulated case 1 2  
Age (y) 1 40  
Actual body weight (ABW, kg)b 10 70  
Height (m) 0.76 1.76  
Sex F M  

Steps for predicting initial busulfan dose   Equations 
1.  Calculate FFM (kg) using Equation 1 
with patient-specific ABW, height and the 
following values, determined by sex:   
female:  WHSmax=37.99 ,  WHS50=35.98 
male WHSmax=42.92, WHS50=30.93 

8.89 kg 49.7 kg 𝐹𝐹𝑀
= 𝑊𝐻𝑆𝑚𝑎𝑥 × 𝐻𝑇2

× (
𝐴𝐵𝑊

𝑊𝐻𝑆50 ∙ 𝐻𝑇2 + 𝐴𝐵𝑊
) 

2.  Calculate NFM (kg) using Equation 2 
with a value of FFATCL of 0.509 and 
FFATV of 0.203c 

9.43 kg CL 
9.217 kg V 

60.0 kg 
CL 
53.8V 

𝑁𝐹𝑀 = 𝐹𝐹𝑀 + 𝐹𝐹𝑎𝑡 
× (𝐴𝐵𝑊 − 𝐹𝐹𝑀) 

3.  Calculate Fsize using NFM 0.222 CL 
0.132 V  

0.891 CL 
0.769 V 𝐹𝑠𝑖𝑧𝑒 = (

𝑁𝐹𝑀

70
)

𝑃𝑤𝑟

 

4.  Calculate Fmat.  In infants <2 years old, 
calculate Fmat from PMA with TM50 of 46 
weeks and Hill coefficient for maturation 
of 2.3c 

0.831 1.00 

𝐹𝑚𝑎𝑡 = (
1

1 + (
𝑃𝑀𝐴
𝑇𝑀50

)
−𝐻𝑖𝑙𝑙

) 

5.  Calculate clearance (CLGRP) using a 
value of 12.4 L/h/70kg NFM for CLPOP. 

2.23 11.05 𝐶𝐿𝐺𝑅𝑃 = 𝐶𝐿𝑝𝑜𝑝 × 𝐹𝑚𝑎𝑡 × 𝐹𝑠𝑖𝑧𝑒 

6.  Obtain individual pharmacokinetic 
parameters (CL, V, half-life) 

2.2 L/h 
6.6 L 
2.05 h 

10.7 L/h 
38.4 L 
2.47h  

 

7.  Predict the dose (mg) using the target 
Css, CLGRP and the dosing frequency (h) 

41.3 mg 204 mg 𝐷𝑜𝑠𝑒

= 𝐶𝑠𝑠 (
𝑚𝑔

𝐿
) × 𝐶𝐿𝐺𝑅𝑃 (

𝐿

ℎ
)

× 𝐷𝑜𝑠𝑖𝑛𝑔𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  
aTarget Css can be individualized for patient, 770 ng/mL chosen as example; bAbbreviations:  ABW:  
actual body weight; CLGRP:  clearance for specific subgroup based on covariates, Css:  busulfan 
concentration at steady state; FFM:  free fat mass; FFATCL: Fat fraction for clearance; FFATV:  Fat 
fraction for volume, Fsize; NFM:  normal fat mass; PMA:  post-menstrual age; cFrom Table 2. 
  



Page 37 
 

 
 

Supplemental figure legends. 

Supplemental Figure 1.  Plot of the association of the dosing weight (DWT) to the actual 
body weight (ABW) and predicted total body weight (TBW) for the entire dataset (A) and 
patients < 40 kg (B).  DWT was chosen based on the individual institutional practices; 
institutions are listed in Supplemental Table 3.  ABW was available only for patients treated 
under the auspices of a FHCRC protocol at a Seattle-based institution (“ABW-available cohort,” 
see Study Population).  TBW was estimated using DWT using Equation 3 (see Methods, Group 
Parameter Model).   

Supplemental Figure 2.  Prediction corrected visual predictive check from 0-24 h (A) and 0-
6 h (B).  Time 0 is the start of the infusion.  Dashed lines represent the 5th and 95th percentiles 
of the observed data.  Solid lines represent the 5th and 95th percentiles of simulated data.  Open 
circles and crosses represent 50th percentile of observed and simulated data.   
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Supplemental Figure 1. 
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Supplemental Figure 2. 

 


