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Busulfan (Bu) is widely used in conditioning regimens before allogeneic hematopoietic cell transplantation, with variable metabolism
due to interindividual differences of pharmacokinetics (PK). The purpose of this study was to correlate pharmacokinetics and clinical
outcomes. Lower-AUC, in range-AUC and higher-AUC were defined as ±25% of the targeted Bu-AUC. In 2019, we changed Bu dosing
from 4×/day (Bu-4) to 1×/day (Bu-1) for ease of application. AUC-target range was reached in 46% of patients; 40% were in low-AUC
and 14% in high-AUC. Among all toxicities, viral and fungal infections were significantly more frequent in high-AUC compared with
low-AUC (20% vs. 8%; p= 0.01 and 37% vs. 17%; p= 0.03). Bu-1 showed lower PK values (66% vs. 36% of Bu-4 in low-AUC; p < 0.01)
and higher incidence of mucositis (p= 0.02). Long-term outcomes at 2 years showed a higher non-relapse mortality (NRM) (p < 0.01)
and higher relative risk of death in the high-AUC group compared to the other groups. Cumulative incidence of relapse and acute/
chronic GvHD were not significantly different. The optimal cut-off in Bu-AUC associated with low NRM was 969 µmol/l*min (ROC AUC
0.67, sensitivity 0.86 and specificity 0.47) for Bu-4. In conclusion, low-AUC BU-PK seems of benefit regarding NRM and survival.

Bone Marrow Transplantation (2022) 57:903–910; https://doi.org/10.1038/s41409-022-01641-6

INTRODUCTION
Busulfan (Bu) is a widely used conditioning regimen before
allogeneic hematopoietic stem cell transplantation (allo-HCT) to
treat hematological diseases [1]. It is either used as myeloablative
conditioning when combined with cyclophosphamide (BuCy or
CyBu), thiopeta-fludarabine (TBF) or with fludarabine alone (FluBu4;
4 days busulfan) or as reduced-intensity conditioning (RIC) when
given with a reduced dosing with 2 days of busulfan (FluBu2). The
maximal tolerated amount of the drug is limited by liver injury; the
most feared hepatic complication being the sinusoidal obstructive
syndrome (SOS); formerly veno-occlusive disease (VOD) [2, 3]. As
Bu has a narrow therapeutic index and its metabolism is variable
among the population, the interindividual variability of the
pharmacokinetics has an impact on toxicity and outcome [4–6].
Hypothesis behind this pharmacokinetic differences is that Bu is
metabolized by hepatic enzymes such as Glutathione-S-Transferase
and cytochrome P450 enzymes; pathways which are highly
influenced by the pharmakogenetic diversity of patients [7–13].
To reduce toxicity of the drug, Bu has been given intravenously
since the 2000’s, as oral administration shows a higher rate of SOS
with a rather unpredictable variability in metabolism [14–16]. Bu
pharmacokinetics (Bu-PK) after intravenous Bu administration is
performed since 2013 in Basel as standard therapeutic drug
monitoring (TDM), permitting a dose individualization for each
patient according to the calculated area-under-the-curve (AUC)
[17]. TDM has permitted to decrease mainly hepatic toxicity and

especially the incidence of SOS, which plays an important role in
non-relapse mortality (NRM) [4, 18]. Since April 2019, Bu infusion
was switched from 4 times daily (Bu-4) to once daily (Bu-1) in Basel,
as this is more comfortable for application without showing an
increase prevalence in toxicity or end-organ damage [19, 20]. Bu-
AUC target values are still controversial among studies, the target
range used in Basel is 900–1350 µmol/l*min for Bu-4 and of
4680–5848 µmol/l*min for Bu-1, permitting a good balance
between myeloablation and toxicity.
With this retrospective study, the correlation between Bu

dosing and the proportion of patients who are in the Bu-PK
target range (AUC) was studied. Secondary organ toxicities and
long-term outcomes in patients receiving Bu as part as their
conditioning regimen was determined, as well as the impact on
Bu-PK and toxicity when Bu is given once versus four times daily
(at same dose).

PATIENTS AND METHODS
This is a retrospective study done at the University Hospital of Basel
(Switzerland) from January 2013 to December 2020, comparing the relation
between Bu dosing, Bu-PK and clinical outcome in adult patients receiving
a Bu-conditioning regimen followed by allo-HCT. From January 2013 until
March 2019, Bu was given four times daily (0.8 mg/kg) and was switched to
once daily (3.2 mg/kg) since April 2019 (at same daily dose). The study was
approved by the local ethics committee (EKNZ 2020–02782). The primary
endpoints were the relation between Bu dose and the proportion of
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patients reaching the target Bu-PK AUC and furthermore all short-term
treatment-related toxicities at hospital discharge of the patient (hepatic
toxicity, mucositis, infectious complications, renal impairment, neurological
involvement, pulmonary or cardiac dysfunction, dermatological toxicity,
multi organ failure (MOF) and acute graft-versus-host-disease). Secondary
endpoints were the relation of long-term outcomes to Bu-PK, namely
chronic GvHD, NRM, relapse, GvHD-free-relapse-free survival, overall
mortality and causes of death, as well as the relation between Bu-4 or
Bu-1 with Bu-PK and the possible impact on toxicities mentioned above.
We included all consecutive adult patients with myeloid malignancies

such as acute myeloid leukemia (AML), myelodysplastic syndrome (MDS) or
myeloproliferative neoplasia (MPN) and chronic myeloid leukemia (CML)
registered in the EBMT database of the University of Basel from 2013 to
2020, who received a Bu-conditioning regimen and in whom Bu-PK was
performed. We recorded patient and donor baseline characteristics (sex,
age, type and stage of disease, conditioning regimen, type of donor, prior
HCT, stem cell source, Bu-PK) as well as follow-up up to 6 years after
transplant.

Treatment
The patients received conditioning regimens according to underlying
disease, disease stage, age and co-morbidities, donor type and HLA-match
followed by allo-HCT. Bu was given intravenously with a dose of 4 × 0.8mg/
kg over 2 h in Bu-4 and 3.2mg/kg over 3 h with Bu-1. In young patients
(<55 years) with few co-morbidities, CyBu or BuCy regimen was preferred
with Bu given for 4 days, followed or preceded by i.v. Cyclophosphamide
for 2 days as published [21], with a time interval >24 h between the two
drugs [22]. TBF was given to patients with HLA haploidentical or high-risk
one-antigen mismatched unrelated donors, consisting of Thiotepa 2 days,
followed by Bu and Fludarabine for 2 days. We used myeloablative FluBu4
(4 days Bu, 5 days Flu) in patients not fit enough for CyBu or BuCy or non-
myeloablative FluBu2 (2 days Bu, 5 days Flu) in patients with advanced age
or relevant co-morbidities. An description of the chemotherapeutic
protocols is displayed in Supplementary Table 1.
Graft-versus-host disease (GvHD) prophylaxis administered along with

conditioning was cyclosporine A (CsA) and methotrexate as well as anti-T-
cell globulins (ATG) in case of an unrelated donor. In matched related
donors ≥40 years, GvHD prophylaxis was performed using ATG [23]. In
patients with TBF conditioning, GvHD prophylaxis consisted of cyclopho-
sphamide (50mg/kg on day +3 and +4 in patients with a haploidentical
donor or 40mg/kg in patients with a one-antigen mismatched unrelated
donor), and CsA and mycophenolate mofetil (MMF) starting on day +5. All
patients received a SOS prophylaxis, consisting of heparin i.v. 5000 IU/day
and ursodeoxycholic acid 250mg 3×/day until neutrophil engraftment.

BUsulfan pharmacokinetics
Bu plasma concentrations were determined by LC–MS/MS in heparinated
plasma samples at 5 respectively 6 different time points after start of the
first infusion (Bu-1: 3, 3.25, 4.5, 6, 8 and 11 h; Bu-4: 2, 2.5, 3, 4 and 6 h). The
11 h value in Bu-1 was omitted in the course, as it did not have significant
impact on the calculated area-under-the-curve (Bu-AUC). The resulting
AUC and concentration at steady state (Css) were calculated using the
trapezoidal rule and permit to deduce Bu clearance (Bu/AUC). The target
values for the Bu-AUC were 900–1350 µmol/l*min for Bu-4 and of
4680–5848 µmol/l*min for Bu-1 [21, 24]; Bu clearance normal range
comprised clearance from 2.1 to 3.5 ml/min/kg [25]. This AUC-target range
was set to assure myeloablation and engraftment without increasing
the risk of serious treatment-related toxicities [23, 26]. Dose adjustment
was realized when the Bu-AUC was ±25% over or under the Bu-AUC target
range. The daily Bu dose was adjusted with a 25% increase or decrease of
the dose; exception were patients with clinical relevant hepatic toxicity at
time of Bu dosing (i.e., ASAT and ALAT > 100 U/l, bilirubin ≥ 34 µmol/l), in
whom no adjustment was performed because of increased risk of SOS
occurrence. The population was separated in three groups according to
their first AUC value, namely patients under the target range (low-AUC, Bu-
AUC < 900 µmol/l*min for Bu-1 and <4680 µmol/l*min for Bu-4), in range
and above the target range (high-AUC, Bu-AUC > 1350 µmol/l*min for Bu-1
and >5848 µmol/l*min for Bu-4). For practical reasons, Bu dose was
adjusted by a 25% dose increase or 25% dose reduction.

Definitions
Mucositis was defined as clinically relevant with a grade ≥ III, most of the
patients requiring parenteral nutrition for at least 3 days and/or continuous

intravenously pain relief (morphine or hydromorphone) (NCI Common
Terminology Criteria for Adverse Events (CTCAE version 4.0)). SOS/VOD was
defined with the occurrence ≥2 of the followings criteria: hyperbilirubine-
mia >34 µmol/L [2mg/dL], hepatomegaly or right upper quadrant pain of
liver origin, and sudden weight gain (>2% of baseline body weight) because
of fluid accumulation (modified Seattle criteria [27]. Other organ toxicities
included the following: hepatic (hepatic failure with transaminase
perturbation with ASAT and ALAT > 100 U/l, bilirubin ≥34 µmol/l), cardiac
(cardiac decompensation, arrhythmia, toxic cardiomyopathy), pulmonary
(pulmonary insufficiency requiring non-invasive or invasive ventilation,
alveolar hemorrhage, acute respiratory distress syndrome), uro-renal (renal
insufficiency with creatinine > 2.5× baseline, hemorrhagic cystitis), neuro-
logic (seizure, acute confusional state, stroke, intra-cerebral hemorrhage),
dermatologic (dermatitis, erythema, keratitis sicca) and MOF (combination
of ≥3 of the above, dermatologic exlcuded). Infectious complications
consisted of any laboratory/microbiological/clinical proven viral, bacterial or
fungal infection, either in blood culture, biopsy or blood replication,
including HHV-6, EBV or CMV replication and BK cystitis. GvHD grade and
stage were classified using international guidelines for acute and chronic
GvHD [28, 29]; acute GvHD was defined as clinically relevant with grade ≥ II.

Statistical analysis
We reported data as mean or median with its standard deviation (SD) or
with interquartile range (IQR) according to type of variable. Univariate
analysis consisted of Chi-square-test for categorical variables, and
Student’s t- or Mann–Whitney U test for continuous variables. Cumulative
incidences were analyzed using Gray’s test. Significant variables in
univariate analysis were entered into multivariate regression models.
Long-term outcomes with survival curves were calculated using Kaplan-
Meier model. Competing risk regression were used in multivariate analysis
models. Because differences in Bu-AUC were hypothesized to exist
between patients with low NRM and PK, we postulated clinically relevant
Bu-AUC to be the defining set variable in a receiver operating characteristic
(ROC)-curve model plotting Bu-AUC sensitivity versus 1-specificity to
discriminate between patients with and without high NRM with special
consideration of the respective area under the ROC (AUROC). The AUROC
values illustrate the strength of a discriminating marker; that is, the better a
diagnostic marker can discriminate between two conditions, the closer its
AUROC value is to 1. The optimal cut-off point for Bu-AUC levels to
discriminate for NRM was calculated using Youden’s index (Y)—Y=
sensitivity+ specificity− 1—because this method can be applied to find
the optimal cut-off value with the highest sensitivity and specificity when
there is no particular requirement for sensitivity and/or specificity.
Statistical significance cut-off was determined by a p value ≤ 0.05. The
softwares used to perform the statistical analysis were SPSS (version 22;
IBM, Chicago, IL, USA) and STATA SE (version 15; StataCorp LLC, College
Station, TX, USA).

RESULTS
Patients’ baseline characteristics
A total of 658 patients received an allo-HCT between January 2013
and December 2020 at the University Hospital of Basel, of whom
376 had a conditioning regimen containing Bu and 300 were
transplanted for a myeloid hematological neoplasm with Bu-PK
available. Of these 300 patients, 253 were given Bu-4 and 47 Bu-1;
125 patients received CyBu or BuCy, 94 FluBu2, 49 FluBu4 and 32
TBF. The median age of patients was 56 years and 61% were male,
53% with a diagnosis of AML, 39% of MDS/MPN and 5% of CML.
Regarding the disease stage, 2/3 were in complete remission or
chronic phase (CML) and 30% without remission (5% were in
second complete remission or never treated). Almost all patient
received a transplant from peripheral blood (91%), 99 (33%)
received a transplant from an HLA-identical sibling, 178 (60%)
from a matched unrelated donor and 23 (8%) were haploidentical.
About 18% had a previous allo-HCT (27 patients) or autologous
HCT (26 patients). Patients with AML showed significantly lower-
AUC values than MDS/MPN or CML patients. Regarding condition-
ing regimens, we show statistically higher AUC with BuCy (32% of
patients in high-AUC) compared to the other regimens (8% with
CyBu, 10% with FluBu4, 16% with TBF and 18% with Flubu2),
whereas CyBu and FluBu4 had more often their PK under the
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AUC-target range (50% and 55%, respectively). In multivariate
analysis models, underlying disease (p= 0.77) and conditioning
regimen (p= 0.16) did not show any significant differences.
Detailed baseline characteristics according to AUC are shown in
Table 1.

Busulfan pharmacokinetics
Regarding pharmacokinetics, median Bu-AUC was 1008 µmol/
l*min (range 489–2664) in Bu-4 and 4217 µmol/l*min (range 2650
to 7764) for Bu-1; median Css 696 ng/mL in Bu-4 and 721 ng/mL in
Bu-1 and cumulative AUC was 16231 µmol/l*min. The target range
was reached in 138 (46%) patients, 121 (40%) were in low-AUC
and 41 (14%) in high-AUC. The dosing of Bu at the second day of
application was changed according to Bu-PK in 60 (20%) patients,
43 patients receiving an increased dose and 17 a decreased dose;
102 were not in target range but did receive their initial dose
without modification, either because the difference from the AUC-
target was too marginal (less than ±25% difference from target

AUC) or because of ongoing relevant hepatic toxicity at time of Bu
measurement (5 patients). Bu median clearance of all patient was
3.35 ml/min/kg, as expected it significantly decreased with high-
PK values (4.0 ml/min/kg in high-AUC, 3.0 in target range and
2.2 ml/min/kg in low-AUC, p < 0.01).

Correlation Bu-PK and toxicities
A total of 213 (71%) patients had at least one organ toxicity,
mostly hepatic (n= 46, 15%; 2 patients fulfilling the SOS criteria)
and/or renal (n= 40, 13%). There was no significant difference
regarding the hepatic toxicity among the three groups (n= 21
(17%) in low-AUC, n= 16 (12%) in AUC-target and n= 9 (22%) in
high-AUC; p= 0.20). Proved infectious complications were identi-
fied in a total of 160 (53%) patients, with a tendency of higher
prevalence according to Bu-PK (49%, 54% and 66% in low-, in
range and high-AUC respectively), thus not reaching statistical
significance (p= 0.17). Viral and fungal infections significantly
increased according to Bu-PK, as 17% of patients in high-AUC had

Table 1. Patientsʼ baseline characteristcs according to Bu-AUC.

Baseline characteristics Lower-AUC (n= 121) In range AUC (n= 138) Higher-AUC (n= 41) p value

Age (median, yrs; range) 51 (18–74) 59 (24–72) 58 (24–73) 0.51

Patient gender (male, %) 68 (37) 93 (51) 21 (12) 0.08

Donor gender (male, %) 71 (39) 88 (49) 21 (12) 0.33

Donor/recipient gender

Female/male (n, %) 28 (44) 27 (42) 9 (14) 0.13

Disease 0.02

AML (n, %) 80 (47) 63 (37) 26 (15)

MDS/MPN (n, %) 37 (32) 66 (57) 13 (11)

CML (n, %) 4 (27) 9 (60) 2 (13)

Disease status at HCT 0.14

CR or chronic phase (n, %) 77 (43) 80 (44) 24 (13)

2. CR or never treated (n, %) 2 (11) 12 (67) 4 (22)

No CR (n, %) 42 (42) 46 (46) 13 (13)

Prior HCT

Allogeneic (n, %) 9 (33) 16 (59) 2 (7) 0.31

Autologous (n, %) 11 (42) 9 (35) 6 (23) 0.26

Stem cell source

Peripheral blood (n, %) 107 (39) 131 (48) 35 (85) 0.08

Donor

HLA-identical sibling (n, %) 31 (31) 50 (51) 18 (18) 0.15

HLA-matched unrelated (n, %) 78 (44) 80 (45) 20 (11)

Haploidentical (n, %) 12 (52) 8 (35) 3 (13)

Bu-conditioning regimen <0.01

BuCy (n, %) 6 (32) 7 (37) 6 (32)

CyBu (n, %) 53 (50) 45 (43) 8 (8)

FluBu2 or FluBu3 (n, %) 21 (22) 56 (60) 17 (18)

FluBu4 (n, %) 27 (55) 17 (35) 5 (10)

Busulfan Thiotepa (n, %) 14 (44) 13 (41) 5 (16)

Bu-administration

4×/day (n, %) 90 (36) 127 (50) 36 (14) <0.01

1×/day (n, %) 31 (66) 11 (23) 5 (11)

Busulfan clearance in ml/min (IQR) 4.0 (3.8–4.5) 3.0 (2.7–3.3) 2.2 (2.0–2.3) <0.01

Statistically significant p≤ 0.05 values are in bold.
AUC area under the curve, AML acute myeloid leukemia, MDS myelodysplastic syndrom, MPN myeloproliferative neoplasia, CML chronic myeloid leukemia, CR
complete remission, HCT hematopoietic cell transplantation, BuCy busulfan-cyclophosphamide, CyBu cyclophosphamide-busulfan, FluBu2 fludarabine-busulfan
2 days, FluBu4 fludarabine-busulfan 4 days, TBF thiopetha-busulfan-fludarabine, IQR interquartile range.
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a viral infection as compared to 8% in low-AUC (p= 0.03). 20% in
the high-AUC had a fungal infection compared to 8% in low-AUC
(p= 0.01). Bacterial infections slightly increased according to Bu-
PK, without significant differences among the groups (p= 0.60).
Other organ toxicities (renal, neurological, cardiac, pulmonary,
dermatologic, MOF) and mucositis prevalence did not reach
statistical difference, although we see a trend of increased
incidence in almost all toxicities with higher-AUC (see Table 2).
Incidence and severity of aGvHD and cGvHD were similar among
the groups (p= 0.64 and 0.27, respectively). Time to engraftment
was also similar according to Bu-PK (16, 18, and 17 days in low-
AUC, target range and high-AUC respectively, p= 0.61).

Correlation BU-PK and long-term outcomes
Long-term outcomes showed significant differences between the
three groups. We showed a cumulative incidence for NRM at 2
years of 5 (2–13)% in low-AUC, compared to 20 (14–29)% in range
AUC and 17 (8–39)% in high-AUC (p < 0.01, Fig. 1); causes of death
did not differ (p= 0.21, Table 2). In multivariate analysis, relative
risk (RR) of death in high-AUC was 1.9 (1.1–3.5; p= 0.02) compared

Table 2. Outcomes according to busulfan pharmacokinetics (area under the curve).

Outcomes Lower-AUC (n= 121) In range AUC (n= 138) Higher-AUC (n= 41) p value (univariate)

Engraftment (median, days; range) 16 (11–67) 18 (11–90) 17 (8–26) 0.61

Acute GvHD ≥grade II (n, %) 32 (38) 38 (46) 14 (34) 0.64

aGvHD grade II (n, %) 19 (43) 16 (36) 9 (21) 0.54

aGvHD grade III (n, %) 10 (35) 14 (48) 5 (17)

aGvHD grade IV (n, %) 3 (27) 8 (73) 0

Chronic GvHD (n, %) 39 (32) 58 (42) 15 (37) 0.27

Toxicity, any (n, %) 85 (70) 94 (68) 34 (83) 0.12

Hepatic (n, %) 21 (17) 16 (12) 9 (22) 0.20

Mucositis grade ≥ III (n, %) 38 (31) 39 (28) 19 (46) 0.09

SOS/VOD (n, %) 1 (0.8) 1 (0.8) 0 0.85

Proven infection, any (n, %) 59 (49) 74 (54) 27 (66) 0.17

Bacterial infection (n, %) 43 (36) 57 (41) 15 (37) 0.62

Viral infection (n, %) 21 (17) 35 (25) 15 (37) 0.03

Fungal infection (n, %) 10 (8) 7 (5) 8 (20) 0.01

Neurological (n, %) 5 (4) 9 (6.5) 1 (2.4) 0.49

Pulmonary (n, %) 2 (1.5) 5 (3.5) 2 (5) 0.49

Cardiac (n, %) 3 (2.5) 5 (3.5) 2 (5) 0.74

Hemorrhagic cystitis (n, %) 5 (4) 10 (7) 3 (7) 0.53

Renal (n, %) 16 (13) 20 (15) 4 (10) 0.74

Dermatological (n, %) 11 (9) 11 (8) 4 (10) 0.92

Multiple organ failure (n, %) 1 (0.8) 2 (1.4) 0 0.69

Causes of death 0.21

Relapse (n, %) 19 (46) 25 (42) 10 (18)

aGvHD (n, %) 7 (28) 14 (56) 4 (16)

Infection (n, %) 1 (9) 7 (64) 3 (27)

SOS/VOD (n, %) 0 1 (100) 0

Other (n, %) 3 (25) 7 (58) 2 (1)

Long-term outcomes (at 2 years)

Overall survival (%, 95% CI) 67 (56–78) 60 (51–69) 52 (43–61) 0.06

NRM (%, 95% CI) 5 (2–13) 20 (14–29) 17 (8–39) <0.01

Relapse (%, 95% CI) 46 (37–59) 30 (23–40) 41 (26–63) 0.28

GRFS (%, 95% CI) 28 (17–39) 25 (13–33) 18 (2–32) 0.28

Statistically significant p≤ 0.05 values are in bold.
AUC area under the curve, aGvHD acute graft-versus-host-disease, cGvHD chronic graft-versus-host-disease, NRM non-relapse mortality, GRFS graft-versus-host-
disease-free-relapse-free-survival, SOS Sinusoidal obstruction syndrome, VOD veno-occlusive disease.
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Fig. 1 Non-relapse mortality according to Bu-PK. (Green Bu-PK in
target range, RED BU-PK above target range, blue Bu-PK under
target range).
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to low-AUC; 1.62 (1.08–2.43, p= 0.02) in patients with advanced
disease compared to CR; and 1.55 (1.01–2.38, p= 0.04) in HLA-
matched unrelated compared to HLA-matched related transplants.
A total of 94 (31%) were in relapse at 2 years, without any
significant difference among the groups with a similar cumulative
incidence of 46 (37–59)% in low-AUC, 30 (23–40)% in range and 41
(26–63)% in higher-AUC (p= 0.28) (Fig. 2). Univariate and multi-
variate analysis per outcome of interest is presented in Table 3. A
separate analysis was run in the patients without dose adjustment
(n= 240), showing similar results to the entire cohort. We do not
have sufficient data to claim that the dose adjustment is
ineffective but stress the fact that AUC performed on day 1 is
most significantly associated with NRM.
When looking at the ROC curves, the empirical optimal cut-off

in Bu-AUC associated with low NRM was 969 µmol/l*min (ROC
AUC 0.67, sensitivity 0.86 and specificity 0.47) for Bu-4 (Fig. 3); the
analysis was not done in Bu-1 population as the sample size was
not sufficiently large.

Pharmacokinetics and outcomes in bucy versus cybu
Given the difference of PK in BuCy versus CyBu (32% versus 50%
in low-AUC, 37% versus 43% in target and 37% versus 8% in high-
AUC, p < 0.01), we compared the toxicity and outcomes of the two
regimens, even though it was not the primary endpoints of the
study. Mean AUC was 918 (IQR 799–1157) µmol/l*min and Bu
clearance was 3.5 (IQR 2.8–4.1) ml/min in CyBu, and mean AUC
was 1161 (IQR 857–1364) µmol/l*min and mean clearance 2.8 (IQR
2.4–3.8) ml/min in BuCy (p= 0.025 for comparisons of clearance
and AUC). As there was no patient receiving Bu 1×/d in BuCy, the
comparison is in patients receiving Bu 4×/d only (114 patients).
The only difference was seen in pulmonary toxicity, present in two
patients (11%) in BuCy and one patient (1%) in CyBu (p= 0.01),
but the low number of cases makes it difficult to draw a
conclusion. Long-term outcomes at 2 years showed a tendency of
worse outcome with slightly better survival (69% vs. 62%) and
similar NRM (11% vs. 9%) with BuCy versus CyBu, not statistically
different.

Comparison Bu-4 versus Bu-1
Pharmacokinetics did differ significantly according to the number
of doses given per day. Ninety (36%) patients were in low-AUC,
127 (50%) in range and 36 (14%) in high-AUC with Bu-4.
Comparatively, more than half of the patients (66%) were in
low-AUC and only 11% were in high-AUC with Bu-1 (p < 0.01).
The median clearance of Bu did not show any significant difference
though the tendency of higher clearance in Bu-1 is seen
(3.22ml/min/kg in Bu-4 versus 4.81ml/min/kg in Bu-1, p= 0.23).
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Fig. 2 Relapse according to Bu-PK. (Green Bu-PK in target range,
RED BU-PK above target range, blue Bu-PK under target range).
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The prevalence of dose adaptation was similar in the two groups.
As for toxicities, the only significant difference between Bu-1 and
Bu-4 was the incidence of mucositis, 29% of patients treated with
Bu-4, compared to 51% when Bu-1 was given (p= 0.02). The
incidences of aGvHD, cGvHD, overall toxicities, and all mentioned
toxicities taken separately did not differ significantly among
groups. We did not look at the long-term outcomes for this
comparison as the follow-up period is too short for the patients
receiving Bu 1×/d.

DISCUSSION
This is a retrospective study analyzing the association between
busulfan dosing, pharmacokinetic target range and organ
toxicities in patients with myeloid malignancies receiving Bu as
part as their conditioning regimen before allogeneic stem cell
transplantation. In patients with high-AUC, we show higher
incidences of viral and fungal infections, a higher NRM and a
higher relative risk of death without impact on relapse. The
optimal AUC cut-off range with a significant reduction in NRM was
969 µmol/l*min. Bu-PK also differed when Bu was given once daily
versus four times per day, with a higher prevalence of low-AUC
but a higher incidence of mucositis.
Bu is widely used as chemotherapeutic drug for myeloablative

or non-myeloablative conditioning regimen before allo-HCT.
About 60% of all patients transplanted between 2013 and 2020
were conditioned with Bu, almost all of them to treat myeloid
neoplasms (i.e., 95%). Bu PK dosing started in the 2000’s and
introduced as TDM in the following years, allowing an important
reduction of hepatic toxicity and the SOS, as the incidence of SOS
has been reduced from about 15 to 3% in <10 years [4, 18]. Our
target-AUC was reached in only 46% of the time, but we used
narrower target limits than others (i.e., 800–1500 μmol/l*min [23],
900–1520 μmol/l*min [26]). Our busulfan median clearance
(3.35 ml/min/kg) was within the higher limits of the normal range
described in the literature [25], which explains why we have a high
percentage of patients in the lower-AUC group. Bu-AUC
performed on day 1 was significantly associated with NRM in all
patients and also in those without dose adjustment. The group
with dose adjustment was not large enough to study these effects
(only 17 patients with a dose reduction).
The optimal target dose of Bu to permit a sufficient myeloabla-

tion with acceptable toxicity is still controversial and differs
among studies; moreover, most of its clearance has been studied
with BuCy, very few with FluBu and none with CyBu (but it has
been accepted to use the same target dose with all conditioning
regimens). With Bu-4, Andersson et al. describe a target AUC of
<1200 μmol/l to prevent significant hepatic toxicity, with a serious

increase of SOS and neurological side effects with an AUC >
1500 μmol/l*min [23], even though the effect on SOS was not
confirmed in another study [15]. With Bu-1, Esteves et al. establish
a target AUC < 5000 μmol/l*min [30]. An important multicenter
retrospective study conducted in children defined a new optimal
exposure AUC of 1225 to 1575 μmol/l*min with lower event-free
survival as compared to children out of this range, particularly
because of lower relapse probability at 2.5 years [31]; this higher
target range is probably not applicable to adults because of
toxicity.
The impact of hepatic toxicity with high-AUC values was not

significant in our study (already shown by other authors [15]) and
we had a very low SOS incidence (only 2 patients, 0.7%)
comparing to the literature, where it’s described as occurring in
about 3 to 5% with highly myeloablative conditioning [14, 18]. In
our study about 30% of our patients received FluBu2, being non-
myeloablative and also less toxic.
Regarding the other toxicities, very few studies have described

extended and detailed impact of Bu-PK on organ toxicities, most
of them were restricted to the central nervous system and the
liver. Our results on organ toxicity according to Bu given 1×/d vs.
4×/d are consistent with previous studies comparing Bu given
twice versus once daily, showing no significant difference on
toxicity despite higher plasma concentration times when given
1×/d [20]. One study did show a significant difference on
mucositis, hepatotoxicity and gastro-intestinal toxicity according
to Bu-PK, although their population was limited to patients with
CML [26]. It remains unclear why the patients receiving Bu-1 have
a higher mucositis rate but a lower Bu-PK. It will be interesting to
further look at long-term outcomes in these two populations (Bu-4
versus Bu-1), Bu-1 should benefit the patients at long-term with
lower PK values. To our knowledge, we are the first study to
describe the comparison of Bu-PK according to Bu-1 versus Bu-4 in
adult patients, most of the previous studies were done in children
[32, 33].
Esteves et al. had shown that a higher dose of Bu would not

reduce relapse rates, similar to our results [30]. Another study did
show a difference on relapse rate and aGvHD linked to Bu-AUC,
although acknowledging the possible role of HLA incompatibility
in their results [34]. Low-AUC is feared because of possible higher
relapse rate, but we found a lower overall mortality with lower
AUC-range at 2 years. A Japanese study with AML and MDS/MPN
patients conditioned with FluBu4 (Bu given once daily) showed
higher NRM and lower overall survival at 2 years in patients with
high-AUC (i.e., Bu-AUC > 5000 μmol/l*min) but nevertheless lower
relapse rate when the second AUC (day+ 4) was above
6000 μmol/l*min, also suggesting that the NRM with high-AUC
values counterbalance the higher relapse rate [35]. A recently
published study analyzed long-term outcome of myeloablative
FluBu in older patients, using Bu 80mg/m2 on days −13 and −12
and then addition of Flu 40 mg/m2 from days −6 to −3 with a
NRM of 22% at 3 years (14% vs. 29% according to HCT-CI score).
This could be an alternative for older patients who could
nonetheless benefit from an allo-HCT [36].
The impact of different conditioning regimens on Bu-PK has

never been fully studied and centers use the same target range for
all types of conditioning with Bu. Kikuchi et al. describe a possible
effect of Fludarabine affecting the metabolism of Bu when given
before, with higher AUC as compared to BuCy [1], but these results
are not in agreement with other studies. The differences in Bu_PK
seen in this study here, seem to benefit CyBu over BuCy. In a
previous randomized trial analyzing the hepatic toxicity of CyBu
versus BuCy, we found that CyBu had a lower NRM even though
pharmacokinetics did not differ according to conditioning regi-
men [21], but the population was smaller and differed slightly
because it was not limited to myeloid neoplasm. Hassan et al.
conducted a study on 36 patients who received BuCy and showed
that a short time interval <24 h between Bu and Cy could lower
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the Cy clearance and therefore increase incidence of hepatic
toxicity and mucositis [22], this time interval was respected in
our study.
We acknowledge the limitation of a retrospective study

restricted to myeloid neoplasm and with heterogeneity of
conditioning regimens and Bu-administration. The low number
of patients receiving Bu-1 compared to Bu-4 (47 versus 253) is a
limitation due to lack of follow-up data. Nonetheless, with an
important cohort size of 300 patients, these results are the first
step to future randomized trials for a possible reduction of Bu
AUC-target range as the long-term outcomes seem to have an
impressive impact. Bu-1 having significantly reduced Bu-AUC,
long-term outcomes of patients receiving this regimen instead of
Bu-4 will be of interest to analyze. As high-AUC seems to show a
higher incidence of fungal and viral infections, this could be a
future focus for prophylaxis and intensive screening. In conclusion,
low-AUC BU-PK seems of benefit regarding NRM and survival.

DATA AVAILABILITY
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