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Abstract

Background: Oral busulfan and intravenous cyclophosphamide (Bu/Cy) are common myeloablative preparations
used in allogeneic hematopoietic stem cell transplantation (HSCT). Herein, we investigated the safety of (Bu/Cy)
administration during HSCT.
Methods: Patients administered Bu/Cy for allogeneic HSCT at Royal Perth Hospital and Fiona Stanley Hospital
between 2007 and 2017 were reviewed for inclusion in the study. We performed busulfan pharmacokinetic (PK)
testing for a subset of patients and allometric scaling modeling to assess the best method of busulfan dosing in
patients at extremes of weight.
Results: Sixty-nine patients were included in the clinical outcome analysis. The median follow-up period was 32
months (range, 9-114 months). The three-year overall survival rate was 62% (95% confidence interval (CI), 51%-
75%), and transplant-related mortality was 4% at 6 months (95% CI, 1-7%), with a low rate of sinusoidal ob-
struction syndrome of the liver being observed. In addition, relapse was 38% (95% CI, 30%-44%) at 3 years. The
PK information of 15 patients receiving busulfan was available after oral dosing. The average per-dose busulfan
exposure was 1,350 μmol.min/L (range, 878-1,717 μmol.min/L), and the within target range was 1,000-1,500
μmol.min/L in 73% of patients. Of the size measures investigated, ideal and adjusted body weight (ABW40) pro-
vided the best fit. No association was observed between busulfan exposure, toxicity, and relapse.
Conclusions: Overall, Bu/Cy administration appeared safe when dosed in relation to weight, showing a low
early transplant-related mortality rate following adequate busulfan exposure in majority of the cases. Body size
measures, such as ideal body weight or ABW40, are likely more suitable for use during busulfan dosing, particu-
larly at high extremes of the body mass index classification.
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Introduction

The alkylating chemotherapy agent busulfan (Bu) is

commonly used as a myeloablative conditioning agent

in patients undergoing allogeneic hematopoietic stem

cell transplantation (HSCT). However, busulfan has a

narrow therapeutic window and the risk of toxicity, es-

pecially sinusoidal obstruction syndrome (SOS) of the

liver, increases with exposure1, 2. It is also likely that re-

duced exposure to busulfan increases the risk of disease

relapse after transplantation3. These observations have

led to a proposed target range of 1,000-1,500 μmol.min/

L for the area under the plasma concentration-time

curve (AUC) per dose of busulfan, when administered

four times daily as part of myeloablative conditioning

regimens for hematological malignancies4.

Twenty years ago, an intravenous (IV) preparation of

busulfan was developed with the purported benefit of
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more consistent bioavailability and, consequently, a

lower risk of toxicity5. Since then, many centers have

switched from oral to IV busulfan for use in condition-

ing for HSCT. While early studies showed an apparent

reduction in the incidence of SOS and overall mortality

with IV busulfan, these were phase II studies compar-

ing outcomes with historical controls4,6-9. Such compari-

sons are limited by the inability to account for the ef-

fects of other changes in treatment between cohorts,

such as better supportive care. Indeed, an improvement

in outcomes over time is well documented in HSCT re-

cipients; however, it is not attributed only to changes in

conditioning regimens10, 11.

Our center continues to use oral busulfan based on a

low incidence of SOS among our patients, a lack of

rigorous clinical data to support the switch to IV busul-

fan, and the lower cost of the dosage form. Herein, we

report the clinical outcomes of patients who received

oral busulfan and IV cyclophosphamide (Bu/Cy) to as-

sess the safety and efficacy of this regimen when used

in a real-world clinical setting using contemporary

transplantation techniques and supportive care. Further-

more, we report the pharmacokinetic (PK) properties of

oral busulfan in a subset of patients with available in-

formation.

Methods

Patients
Patients who underwent allogeneic HSCT with Bu/

Cy conditioning between 2007 and December 2017

were included in the study. Busulfan was administered

as an oral liquid preparation at a dose of 1 mg/kg four

times daily to give a total dose of 16 mg/kg in combi-

nation with IV cyclophosphamide at a total dose of 120

mg/kg. Busulfan dosing was based on total body weight

(TBW) for non-obese patients and, at the physician’s

discretion, dosed based on a weight that gave a calcu-

lated body mass index (BMI) of 27 kg/m2 in obese pa-

tients. A refined disease risk index (DRI) was calcu-

lated for each patient using the online tool provided by

the Center for International Blood and Marrow Trans-

plant Research to predict the patients’ prognosis and

survival post-transplant12.

In addition, a subset of the Bu/Cy group was ex-

posed to additional busulfan, and clinical outcomes

were analyzed prospectively in a separate clinical trial

(Australian Clinical Trials Registry number: ACTRN

12616000709448). The aim of this investigation was to

assess inter-patient variability to busulfan exposure, the

effect of extreme weight (obesity) on exposure, and

whether there was any association between toxicity and

exposure. Institutional review board approval for this

study was obtained following consent received for the

collection of patient samples. Samples were de-

identified when processed in the laboratory.

The subgroup analyzed for busulfan exposure had

busulfan concentrations measured in plasma. Blood was

collected for the busulfan assay at 30 min, 2 h 15 min,

3 h, 4 h, and 6 h after the first busulfan dose was ad-

ministered at 6:00 am. Patients had further blood con-

centrations measured at four hours after the 6:00 am

morning dose on days 3 and 4 of busulfan administra-

tion. Busulfan concentrations were determined by liquid

chromatography with tandem mass spectrometry (LC-

MS/MS) at the PathWest Clinical Pharmacology and

Toxicology Laboratory. The method was validated ac-

cording to the current FDA guidelines for the validation

and verification of LC-MS/MS bioanalytical methods.

The method was linear from 40-9,000 μg/L with dem-

onstrated accuracy and precision across this concentra-

tion range. All measured concentrations were within the

measurement range used in the assay.

Pharmacokinetic modeling
Busulfan concentrations measured in our PK sub-

group were analyzed using population pharmacokinetics

within the NONlinear Mixed Effects Modeling (NON-

MEM) software. Further details of the modeling proce-

dure are provided in the supplementary material (Sup-
plementary Pharmacokinetic Modelling). This ap-

proach enabled comparisons between doses and be-

tween patients in the present study, as well as compari-

sons with other published busulfan population PK mod-

els. In these patients, secondary PK parameters, includ-

ing half-life and AUC0-∞ for each dose were calculated

using standard PK equations.

One key aspect of the applied PK modeling in this

study was its use in the investigation of the effect of

body size on PK parameters. Allometric scaling, namely

adjusting the patient’s actual weight, was based on

body size and was performed on clearance and volume

parameters. Several measures of size were investigated

during the model-building process to identify the most

appropriate descriptor. These were TBW, ideal body

weight (IBW), adjusted body weight with a 25% or

40% correction factor [ABW25 = IBW +0.25*(TBW-

IBW) and ABW40 = IBW +0.4*(TBW-IBW)], and lean

body mass13. Further information about the modelling

performance for each body weight model are presented

in Supplementary Table S1.

Pharmacokinetic simulations
Simulations using the final model were performed to

explore the potential effects of different dose regimens.

One thousand individuals in each BMI group (15, 20,

25, 30, 35, and 40 kg/m2) were simulated with different

weights; however, their heights were fixed at 170 cm to
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Table　1.　Summary of patient and clinical characteristics

Busulfan/cyclophosphamide 
group (n=69)

Busulfan pharmacokinetic 
subgroup (n=15)

Age, median (years) 43  (17-61) 47  (19-61)
Sex
Male 44 (64%) 10 (67%)
Female 25 (36%) 5 (33%)
Diagnosis
Acute myeloid leukemia 55 (80%) 9 (60%)
Acute undifferentiated leukemia 1 (1%) 1 (7%)
Myelodysplasia 13 (19%) 5 (33%)
Stem cell source
Peripheral blood 64 (93%) 15 (100%)
Marrow 1 (1%) 0 (0%)
Cord 4 (6%) 0 (0%)
Transplant type
Matched related 31 (45%) 6 (40%)
Unrelated 38 (55%) 9 (60%)
Disease risk index (reference)
0 2 (3%) 0 (0%)
1 42 (61%) 6 (40%)
2 22 (32%) 8 (53%)
3 3 (4%) 1 (7%)

allow for comparability between the simulated groups.

Two different dose regimens were simulated, viz. i) 1

mg/kg using total body weight and ii) 1 mg/kg using

adjusted body weight (ABW40). The results of the

simulations were plotted as box and whisker plots and

the percentage of patients with overall average exposure

within the target (1,000-1,500 μmol.min/L) is detailed

in Supplementary Table S3. Goodness of fit plots and

the prediction corrected visual predictive check are pre-

sented in Supplementary Figures S1 and S2 respec-

tively. And the final model pharmacokinetic estimates

are presented in Supplementary Table S2.

Study end points and assessments
The study endpoints for the overall Bu/Cy group in-

cluded overall survival, relapse rate, mortality, and

cause of death. In the subgroup investigated for busul-

fan exposure, additional endpoints included rates of

SOS, transplant-associated thrombotic microangiopathy

(TA-TMA), admission to the intensive care unit (ICU),

the need for total parenteral nutrition (TPN), and dura-

tion of hospital admission. These additional endpoints

represent surrogate markers of toxicity, possibly result-

ing from exposure to chemotherapy.

Statistical analysis
Overall survival was calculated using the Kaplan-

Meier method. The cumulative incidence of transplant-

related mortality was calculated using the method of

Fine and Grey, were relapse was a competing risk14.

The cumulative incidence of relapse was calculated us-

ing the same method, and death without relapse was the

competing risk. Multivariate analysis was performed by

the Cox proportional hazards method, using a limited

number of variables with clinical rationale for inclusion

in the model. Pre-planned subgroup analysis assessed

the association between busulfan exposure and patient

outcomes. The correlation between BMI and busulfan

exposure was investigated using linear regression analy-

sis. IBM SPSS Statistics version 24 (IBM, Chicago, IL,

USA) was used for all analyses.

Results

Patient characteristics
A total of 69 patients were included in the overall

outcome analysis, of which 15 had additional PK and

clinical information available. Patients were included

from 2007 to 2017, and all these patients received Bu/

Cy conditioning. Demographic and baseline disease

characteristics are detailed in Table 1. The group in-

cluded a greater percentage of men than women (64%

vs. 36%), and the most common indication for trans-

plant was acute myeloid leukemia (80%). The typical

source of stem cells was peripheral blood stem cells

(93%) and 25 patients (36%) were classified as being

of high or very high risk based on the refined DRI.

Between February 2016 and January 2017, 15 pa-

tients were included in the busulfan PK subgroup. This

group included a greater percentage of men than

women (64% vs. 36%), and 93% of these patients were

at intermediate or high risk according to the refined

DRI. All patients received stem cells derived from a pe-

ripheral blood stem cell source. The demographic and



64 Blood Cell Therapy-The official journal of APBMT- Vol. 5 Issue 2 No. 4 2022

Figure　1.　Overall survival among 69 patients undergoing busul-
fan/cyclophosphamide conditioning

baseline disease characteristics for this subgroup are de-

tailed in Table 1.

Outcome in entire cohort
The median follow-up period was 32 months (range,

9-114 months). Overall survival at 3 years was 62%

(95% CI, 51%-75%), as shown in Figure 1. Four pa-

tients died of transplant-related causes, resulting in a

cumulative incidence of transplant-related mortality of

4% at 6 months. Three patients died after primary graft

failure and one died of multi-organ failure in the con-

text of thrombotic microangiopathic anemia, which oc-

curred 126 days after transplant. Of those with graft

failure, one was a cord blood transplant recipient, one

was undergoing a second allogeneic transplant with re-

lapse after an initial reduced intensity transplant, while

the third developed SOS of the liver and died 31 days

after transplant without evidence of neutrophil recovery.

Of the patients with graft failure, PK data were only

available for those who underwent a second allogeneic

transplant.

The cumulative incidence of grade II-IV acute graft-

versus-host disease (aGVHD) was 34% (95% CI, 26%-

42%) at 6 months. The cumulative incidence of chronic

GVHD (cGVHD) of any severity was 76% (95% CI,

66%-83%) at 3 years, and 33% (95% CI, 25%-42%)

for moderate to severe cGVHD.

Twenty-six patients relapsed, and the cumulative inci-

dence of relapse at three years post-transplant was 38%

(95% CI, 27%-49%). For those who relapsed, the me-

dian time to relapse from transplant was five months

(range, 2-96 months). Following multivariate analysis

after adjusting for age at transplant and donor type (re-

lated vs. unrelated), a high or very high disease risk in-

dex was the only factor significantly associated with an

increased risk of relapse (hazard ratio 2.4 compared

with low/intermediate DRI; 95% confidence interval,

1.1-5.3, P=0.03). The estimated 3-year relapse inci-

dence was 28% (95% CI, 16-40%) for low/intermediate

DRI compared with 53% (95% CI, 43-63%) for high/

very high DRI (P=0.04).

Pharmacokinetic modeling
In the busulfan PK subgroup (N=15), the average

per-dose busulfan exposure was 1,350 μmol.min/L

(range, 878-1,717 μmol.min/L). This corresponded to

an inter-patient coefficient of variability of 17% in

clearance and 12.8% in volume of distribution. Three

patients had an average per-dose busulfan AUC > 1,500

μmol.min/L, one had a per-dose AUC < 1,000 μmol.

min/L, and four patients (27%) had BMI values greater

than 30 kg/m2. These patients, who underwent dose ad-

justment, demonstrated busulfan AUC values across the

target range (1,043-1,717 μmol.min/L) and no correla-

tion between BMI and exposure was observed (P=0.28).

The coefficient of variability of busulfan exposure

between doses in the same patient was 16%. The busul-

fan concentrations from days 3 and 4 of treatment

showed that busulfan levels may vary on a day-to-day

basis, with some patients having higher and others

lower levels compared to those observed on day 1. Fur-

ther details of the PK modeling results are included in

the supplementary material (Supplementary Pharma-
cokinetic Modelling).

Clinical outcomes in the PK subgroup
There was no indication that a higher busulfan level

was associated with increased toxicity. Two patients

(13%) required TPN, most often due to severe mucosi-

tis, and both patients had AUC targets that were within

range. Only one patient was admitted to the ICU but

this was a result of graft failure and sepsis rather than

as a direct complication of the conditioning regimen.

Two patients (13%) developed TA-TMA and one of

them recovered after treatment with eculizumab, a hu-

manized monoclonal IgG antibody that blocks the for-

mation of the complement factor C5b, while the other

succumbed to a number of transplant-related complica-

tions. There were no cases of SOS in this group. The

average length of hospital stay was 32 days (range, 21-

65 days).

Relapse in the PK subgroup occurred in four patients

(27%) and five patients (33%) died. Grade II-IV acute

GVHD occurred in six patients (40%) and chronic

GVHD occurred in eight patients (60%). No association

was observed between busulfan levels during transplant

and subsequent GVHD. Of the five patients in the PK

subgroup who died, one died from graft failure (busul-

fan AUC: 1,461 μmol.min/L), one from multi-organ
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Figure 2. Box and whisker plots including 95% simulation intervals for busulfan area under the 
curve (AUC) from 1,000 simulated patients with BMI ranging from 15 to 40. Dose regimen based 
on total body weight (grey) or adjusted body weight (ABW40, black). Target AUC in grey shaded 
area

failure (busulfan AUC: 1,717 μmol.min/L), and three

from relapsed or persistent disease (busulfan AUCs:

878, 1,226, and 1,563 μmol.min/L).

Simulations from the final PK model
Overall, adjusted body weight (ABW40) performed

best as an allometric size measure to account for the ef-

fect of body weight on PK parameters and was thus in-

cluded in the final model. Simulations demonstrated

that dosing based on TBW performed similarly to ABW

40 based dosing for simulated patients with BMI values

of 20 and 25 kg/m2, with approximately 80% of simu-

lated individuals within the desired target.

The simulations also identified an increased number

of doses that would deliver a below-target average AUC

for patients with a lower BMI if TBW dosing was used

compared to the ABW40 based dosing (68% vs.

11.4%). As BMI increased, the risk of TBW-only dos-

ing resulting in an AUC per dose over the target also

increased, with approximately 9 in 10 patients being

above the target in the ABW40 simulations. Across the

BMI groups, the ABW40 dose simulations resulted in a

similar percentage of patients within the target range.

The results from the allometric scaling models are de-

picted in Figure 2.

Discussion

In this retrospective analysis, the outcomes of 69 pa-

tients that underwent allogeneic HSCT with Bu/Cy con-

ditioning at our center were comparable with those of

patients that received IV Bu/Cy reported in the litera-

ture15-17. Reassuringly, we did not observe high rates of

SOS in our cohort, suggesting the absence of signifi-

cant toxicity or high rates of graft failure pointing to in-

adequate drug exposure. Issues such as graft failure and

SOS were generally observed in patients who had been

heavily pre-treated, such as those undergoing a second

HSCT, or those with limited hematopoietic progenitor

cell dose, such as a recipient of a cord blood transplant.

Despite concerns about the variable bioavailability and

toxicity of oral busulfan, we found acceptable outcomes

in our cohort.

In the entire investigated cohort, the relapse rate was

moderately high at 38% (95% CI, 27%-49%). However,

the relapse rate was higher in patients with a high/very

high DRI, suggesting that the underlying disease char-

acteristics contributed significantly to this risk. Further-

more, our PK data did not suggest that relapse was re-

lated to inadequate busulfan exposure. The relapse rate

observed herein was similar to that reported in a com-

parably high-risk cohort with a high pre-transplant risk

of relapse12.

As numerous studies have correlated busulfan blood

concentration levels and PK data with therapeutic out-

come, we also analyzed busulfan levels in a small co-

hort to compare drug exposure with patient out-

comes4, 6, 18. The majority of analyzed patients had aver-
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age per-dose busulfan AUC levels within the target

range of 1,000-1,500 μmol.min/L, indicating that most

patients receiving oral busulfan were exposed to an ade-

quate drug dose. There was no evident correlation be-

tween the exposure and relapse rates. Although one of

the patients with a busulfan AUC value of 878 μmol.

min/L relapsed, none of the other three patients who re-

lapsed had AUC values < 1,000 μmol.min/L. This illus-

trates the limitations of busulfan levels in predicting

toxicity and relapse, as there are undoubtedly other in-

dividual factors involved.

The inter-dose variability in AUC observed in this

study (16%), which corresponds to variability in clear-

ance or bioavailability, was similar to that previously

reported in patients who received intravenous busul-

fan1, 19-24. These aforementioned studies reported inter-

dose coefficients of variability in clearance between

11% and 16%. These estimates are prone to underesti-

mation (i.e., shrinkage; noting this was not high in the

population PK model) due to the small sample size. In

the current investigation, it was not possible to further

delineate the source of variability; however, bioavail-

ability and changes in daily clearance were found to be

the main contributors.

It is reassuring that despite oral dosing, the variabil-

ity was similar to reports of IV dosing. Despite con-

cerns regarding variable intestinal absorption, our data

suggest that the variability between doses was not dis-

similar to what might be achieved with IV dosing.

Likewise, inter-patient variability for clearance in our

cohort (17%) was similar when compared with that ob-

served in larger population studies, where the range was

between 16% and 34%20-23. This, coupled with the fact

that we did not observe significant toxicity in patients

with higher busulfan exposure, is reassuring that the

oral preparation is predictably eliminated.

When postulating why the inter-dose and inter-patient

variability in AUC and clearance in our PK cohort were

similar to published reports of patients who received IV

busulfan, we considered a number of possible variables.

The AUC achieved with oral busulfan may be affected

by multiple factors, such as gastrointestinal permeabil-

ity, loss of drug fraction, and metabolism. In our co-

hort, it did not appear that these factors produced sig-

nificant variability as seen in other published series,

which may be due to careful patient selection, the rela-

tively young age of our patients, and management of

nausea and vomiting during busulfan administration.

As busulfan is metabolized in the liver via glu-

tathione conjugation by glutathione-S-transferase (GST)

enzymes followed by oxidation, genetic polymorphisms

in these GST enzymes may affect metabolism and con-

tribute to variability in IV busulfan metabolism and

clearance. In a meta-analysis by Kim et al., GST en-

zyme polymorphisms appeared to affect IV busulfan

AUC and clearance, while other factors, such as gastro-

intestinal absorption, were more important in the vari-

ability of oral busulfan25. In our PK cohort, we con-

firmed that factors such as GST enzyme polymorphisms

were not a significant factor in causing inter-dose or

inter-patient variability in AUC or clearance.

Furthermore, most patients who received oral busul-

fan achieved adequate busulfan levels. Our results sug-

gest that variability in bioavailability was not signifi-

cantly influence by exposure. Moreover, altering the

busulfan dose in obese patients appeared to be appro-

priate, resulting in adequate busulfan levels. Our results

emphasize the importance of busulfan dose adjustment

in obese patients to achieve safe and adequate exposure.

In our simulations, ABW40 was the overall best

method for allometric scaling, as it reduced the

between-subject variability for both clearance and vol-

ume of distribution. The difference between ABW40

and ABW25 in our testing was small, suggesting that

either method is appropriate for busulfan dosing, al-

though the number of patients tested in our cohort was

small. Both methods performed better than the TBW

method alone. The American Society for Blood and

Marrow Transplantation Practice Guidelines Committee

recommends using ABW25 for oral busulfan dosing in

adults, both obese and non-obese, who are dosed per

kilogram or by body surface area based on TBW for m2

dosing26. Further research may help to better elucidate

the best method for dosing busulfan in patients of ex-

treme weight.

Although our observations were generally reassuring,

the presence of a single patient with a busulfan AUC <

1,000 μmol.min/L suggests that despite acceptable PK

parameters and appropriate weight-based dosing, some

risk of below-target busulfan exposure is possible in the

absence of real-time PK-adjusted dosing. It is not rou-

tine to alter oral dosing by using PK monitoring, and

many centers may choose to use the IV preparation

with PK monitoring to mitigate this risk.

Our study was limited by the small sample size in

both the overall busulfan cohort and the busulfan PK

subgroup. Due to the sample size of the PK cohort, we

were unable to draw firm conclusions on the associa-

tions between exposure/dose and clinical outcomes.

Furthermore, the 69 patients that received Bu/Cy had

been selected by physicians as being fit enough to un-

dergo this intensive myeloablative regimen. The overall

cohort group was relatively young, with an average age

of 43 years. This may denote a group with few comor-

bidities and a better pre-morbid state. Thus, the low

TRM observed in this group compared to earlier litera-

ture may reflect careful patient selection and a younger

age, rather than improved safety of the investigated Bu/
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Cy regimen.

We conclude that oral busulfan appears to be safe

and effective in the context of careful patient selection

and modern supportive care. For transplant units for

whom the IV formulation is prohibitively expensive or

are unable to set up PK monitoring to allow dose modi-

fication when IV busulfan is used, oral busulfan still

provides a safe option as part of a myeloablative che-

motherapy regimen. In centers where busulfan PK

monitoring is not available, either IV or oral busulfan

may be considered, and we do not draw a firm conclu-

sion from our data regarding the superiority of either

preparation, as our analysis only included patients

treated with oral busulfan.
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