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Scope of the lecture:
After a brief introduction of the clinical pharmacology of BU (BU), this lecture will cover
current BU dosing and therapeutic drug monitoring (TDM) practices. As many discrepancies
exist between local and even international guidelines of BU dosing and TDM, the
hematopoietic stem cell transplantation (HCT) community has started to realize that reaching
consensus is the way forward to improve global HCT care. The talk will elaborate on the
launch of of a worldwide collaborative initiative towards harmonization of BU dosing and
TDM.

Learning objectives:
1. Gain knowledge on the clinical pharmacology of BU
2. Explain current BU TDM practices
3. Understand the need for harmonization of BU dosing and TDM
Extended abstract:
Busulfan (BU), administered either orally or intravenously, is an alkylating agent routinely
used in conditioning regimens prior to HCT for various non-malignant and malignant
diseases.1 BU has a narrow therapeutic index. BU plasma exposure is a predictive biomarker
that forecasts the likely response to BU-containing conditioning regimens.2-6 On one hand
low BU exposure, primarily caused by rapid BU clearance, is associated with an increased
risk of rejection or relapse, while on the other hand high BU exposure is associated with an
increased risk of hepatotoxicity and nonrelapse mortality (NRM).7-14 BU has a narrow
therapeutic range, which is acknowledge by inclusion of specific exposure targets on its
package inserts. A BU AUC of 900 to 1500 μM*min or 900 to 1350 μM*min for a 4 times
daily regimen are the current target exposures included in the EMA and FDA labels for
intravenous BU, respectively. The latter AUC values were confirmed in recent large
retrospective analysis including 674 pediatric patients from 15 centers in the Netherlands,
USA, Canada, Switzerland, UK, Italy, Germany, and Australia who received a BU-based
conditioning regimen. This study showed that improved clinical outcomes are likely to be
achieved by targeting the BU AUC to 80-100 mg*h/L (equal to 21.6 mM*min total, or 5400
µM*min/day) using a new validated pharmacokinetic model. 15 Of note, in this study
exposure-outcome associations were independent of concomitant conditioning agents and
indication. Nevertheless, the Practice Guidelines Committee of the American Society of Blood
or Marrow Transplantation (ASBMT) recently sought to develop evidence-based guidelines
for personalized BU dosing but found that the published literature was too heterogeneous and
lacked the necessarily controlled studies for this to be feasible.16 Thus, the optimal BU
exposure for a specific patient population based depends on age, diagnosis, concomitant
agents in conditioning regimen and donor source remains elusive and should be addressed by
prospective studies and through international collaboration.
For BU dosing multiple guidelines exist to achieve the target exposure in individual patients.
In a recent study an “in silico” simulation was performed to describe the achieved AUCs of
12 published pediatric BU dosing guidelines using pharmacokinetic data of one hundred

eleven patients.17 Initial BU doses were determined for all patients using each dosing
guideline and total body weight. Of note, once, twice and four times daily dosing as common
in clinical practice were included. Simulation revealed the proportion of patients with an
AUC within the target range varied roughly from 40-75%. It is apparent that current BU
dosing guidelines aim for different targets and vary in their capacity to achieve AUCs within
the target window. Therefore, TDM is essential to verify achievement of the target AUC
regardless of the dosing guideline used. As clinical acceptance of BU TDM is rapidly
increasing, TDM of BU for optimal dose individualization is applied more frequently in
patients undergoing HCT worldwide, especially in pediatric populations. Also, many
contemporary HCT regimens are now developed with BU TDM.18,19 Next to evidence of the
importance of Bu TDM in children, a recent randomized controlled trial by Anderson and
coworkers including 218 patients revealed that TDM was associated with a lower risk of
relapse or treatment-related mortality compared the fixed-dose group using a dosing
nomogram without TDM throughout an 80-month observation period in patients diagnosed
with acute myeloid leukemia and myelodysplastic syndrome. 20 These results indicate that also
adult patients benefit significantly from TDM of Bu. Unfortunately, characterizing the
proportion of BU-conditioned HCT recipients whose dose is personalized using BU TDM is
impeded by the exclusion of BU exposure data into international databases.
Albeit the evidence on the optimal exposure and the value of TDM of BU in HCT
conditioning is becoming more apparent, it is of concern that distinctly different methods to
estimate the exposure are currently used in clinical practice. For instance, numeric integration
or trapezoidal rule, AUC from 0 to infinity; (AUC0-infinity), to the next dose (AUC0-tau), the
concentration at steady state (Css) are used as BU exposure parameter depending on HCT
center and/or TDM site. The importance of the latter was illustrated by Bartelink and
colleagues,15 who showed that the BU AUC calculated using various approaches in use by
individual centers had a poor correlation (r 2=0.35) with BU AUC0-infinity calculated post hoc
from raw concentration-time-data using non-linear mixed effect modelling. Their findings are
supported by example plots showing concentration observations derived in individuals (black
dots), the individual predicted concentrations by NONMEM (blue shaded area) and
non-compartmental analysis to calculate the exposure (AUC-tau; red shaded area and AUCinfinity; green shaded area) (Figure 1). Furthermore, many centers use the steady state
concentration (Css) as BU exposure target in a four times daily dosing setting. In this respect,
consensus regarding the use of Css versus AUC is lacking and there is no consensus of the units
used to express AUC in micromole*min/L or AUC in mg*hr/L. At the same time, the AUC
and Css targets, depending on the units used, may differ numerically with different dosing
frequencies. First of all, this poses a patient safety issue, as the arithmetical conversions
between units are prone to error. Secondly, international databases have omitted BU exposure
due, in part, to these issues. As a result, databases with BU pharmacokinetic data are not easy to
create by cooperative groups, which precludes mining large databases to optimize BU use.
Preferably, a single BU exposure unit should be adopted internationally. Finally,
administration protocols, analytical assays and the pharmacokinetic modeling to estimate BU
exposure including the resulting BU dosing recommendations differ from center to center
affecting accuracy and precision of attained BU exposure in individual patients.
Hence, there is an urgent medical need for harmonization of BU target exposures and TDM
procedures in HCT conditioning. To address this unmet need, an international BU
harmonization project initiative subsequently was started in November 2016. This project takes
a two-pronged approach to achieve the goal of improving outcomes in HCT recipients. The
first part aims to harmonize the quantitation, pharmacokinetic modeling and personalized dose
recommendations of BU pharmacokinetic data by means of an international interproficiency
testing program. The second part is the BU exposure unit harmonization with the ultimate goal

of reaching consensus on the optimal BU exposure in conditioning prior to HCT. Both these
international projects seek to improve patient safety and improve the scientific rigor for BU
TDM.
References
1) Aschan J. Risk assessment in haematopoietic stem cell transplantation: conditioning. Best Pract Res
Clin Haematol 2007; 20: 295–310
2) Nguyen L, Fuller D, Lennon S, Leger F, Puozzo C. I.V. busulfan in pediatrics: a novel dosing to
improve safety/efficacy for hematopoietic progenitor cell transplantation recipients. Bone Marrow
Transplant 2004; 33: 979–87.
3) Savic RM, Cowan MJ, Dvorak CC, et al. Effect of weight and maturation on busulfan clearance in
infants and small children undergoing hematopoietic cell transplantation. Biol Blood Marrow
Transplant; 2013; 19: 1608–14.
4) Bartelink IH, van Kesteren C, Boelens JJ, et al. Predictive performance of a busulfan pharmacokinetic
model in children and young adults. Therapeutic drug monitoring 2012; 34: 574–83.
5) Long-Boyle JR, Savic R, Yan S, et al. Population pharmacokinetics of busulfan in pediatric and young
adult patients undergoing hematopoietic cell transplant: a model based dosing algorithm for
personalized therapy and implementation into routine clinical use. Therapeutic drug monitoring 2015;
37: 236–45.
6) Madden T, de LM, Thapar N, et al. Pharmacokinetics of once-daily IV busulfan as part of
pretransplantation preparative regimens: a comparison with an every 6-hour dosing schedule. Biol
Blood Marrow Transplant 2007; 13: 56–64
7) Dix SP, Wingard JR, Mullins RE, et al. Association of busulfan area under the curve with
veno-occlusive disease following BMT. Bone Marrow Transplant 1996; 17: 225–30.
8) Ljungman P, Hassan M, Bekassy AN, Ringden O, Oberg G. High busulfan concentrations are
associated with increased transplant-related mortality in allogeneic bone marrow transplant patients.
Bone Marrow Transplant 1997; 20: 909–13.
9) Geddes M, Kangarloo SB, Naveed F, et al. High busulfan exposure is associated with worse outcomes
in a daily i.v. busulfan and fludarabine allogeneic transplant regimen. Biol Blood Marrow Transplant
2008; 14: 220–8.
10) McCune JS, Gooley T, Gibbs JP, et al. BUsulfan concentration and graft rejection in pediatric patients
undergoing hematopoietic stem cell transplantation. Bone Marrow Transplant 2002; 30: 167–73.
11) Bartelink IH, Bredius RGM, Belitser S V, et al. Association between busulfan exposure and outcome in
children receiving intravenous busulfan before hematologic stem cell transplantation. Biol Blood
Marrow Transplant 2009; 15: 231–41.
12) Güngör T, Teira P, Slatter M, et al. Reduced-intensity conditioning and HLA-matched haemopoietic
stem-cell transplantation in patients with chronic granulomatous disease: a prospective multicentre
study. Lancet (London, England) 2014; 383: 436–48.
13) Ansari M, Théoret Y, Rezgui MA, et al. Association between busulfan exposure and outcome in
children receiving intravenous busulfan before hematopoietic stem cell transplantation. Therapeutic
drug monitoring 2014; 36: 93–9.
14) Ward J, Kletzel M, Duerst R, et al. Single Daily BUsulfan Dosing for Infants with Nonmalignant
Diseases Undergoing Reduced-Intensity Conditioning for Allogeneic Hematopoietic Progenitor Cell
Transplantation. Biol Blood Marrow Transplant 2015; 21: 1612–21.
15) Bartelink IH, Lalmohamed A, van Reij EML, et al. Association of busulfan exposure with survival and
toxicity after haemopoietic cell transplantation in children and young adults: a multicentre,
retrospective cohort analysis. Lancet Haematol 2016; 3:e526–36.
16) Palmer J, McCune JS, Perales MA, et al. Personalizing Busulfan-Based Conditioning: Considerations
from the American Society for Blood and Marrow Transplantation Practice Guidelines Committee. Biol
Blood Marrow Transplant 2016; 22: 1915-1925.
17) Zao J, Schechter T, Liu W, et al. Performance of busulfan dosing guidelines for pediatric
hematopoietic stem cell transplant conditioning. Biol Blood Marrow Transplant 2015; 21; 1471-1478
18) McCune JS, Gibbs JP, Slattery JT. Plasma concentration monitoring of busulfan: does it improve
clinical outcome? Clin Pharmacokinet 2000; 39: 155-165.
19) McCune JS, Holmberg LA. BUsulfan in hematopoietic stem cell transplant setting. Expert Opin Drug
Metab Toxicol 2009; 5: 957-969.
20) Andersson BS, Thall PF, Valdez BC, et al. Fludarabine with pharmacokinetically guided IV busulfan is
superior to fixed-dose delivery in pretransplant conditioning of AML/MDS patients. Bone Marrow
Transplant 2017; 52: 580-587.

Figures
Figure 1$

$

printed with permission

