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Abstract
Purpose  Busulfan is an important myeloablative agent in various conditioning regimens prior to hematopoietic stem cell 
transplantation (HSCT) in pediatric patients. This retrospective study compares three different routes of busulfan administra-
tion and their impact on transplantation-related mortality (TRM) and overall survival (OS).
Methods  The study included 250 pediatric patients with malignant and non-malignant diseases who underwent HSCT at 
the Department of Pediatrics, Jena University Hospital, Jena, Germany. One hundred forty-eight patients received busulfan 
orally without therapeutic drug monitoring (TDM) (group 1), 62 patients received busulfan intravenously (i.v.) without TDM 
(group 2) and 40 patients received busulfan i.v. with additional TDM (group 3).
Results  The TRM rate at 5 years after transplantation for all patients was 40.5% for group 1, 25.2% for group 2, and 8.4% 
for group 3 (p < 0.001). The TRM rate at 5 years after transplantation for patients with malignant diseases only was 40.3% 
for group 1 compared to 28.4% for group 2 and 15.3% for group 3 (p = 0.051). For patients with non-malignant diseases, 
group 1 showed a TRM rate of 43.8% compared to 15.4% in group 2 and 4.6% in group 3 (p = 0.009). In addition, the 5-year 
OS rate for all patients was 39.9% for group 1, 61.2% for group 2, and 83.9% for group 3 (p < 0.001). Regarding the OS 
of the groups for patients with only malignant or only non-malignant diseases, we obtained similar results with p-values 
of p = 0.017 and p = 0.007, respectively. The cumulative incidence of hepatic sinusoidal obstruction syndrome (SOS) for 
patients with malignant diseases and a cumulative AUC > 85.0 mg/L x h was 55.6%, while patients with malignant diseases 
and a cumulative AUC < 85.0 mg/L x h showed a cumulative incidence of 11.1% (p = 0.038).
Conclusion  In this study, we demonstrate that patients with i.v. administration of busulfan with TDM had a significantly 
lower rate of TRM and a significantly improved OS compared to patients who received i.v. administration of busulfan without 
TDM, who, in turn, had a better outcome than patients with oral busulfan administration. Additionally, these data emphasize 
the clinical relevance of AUC measurements in patients with malignant diseases to prevent hepatic SOS.
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Introduction

Busulfan is one of the most frequently administered mye-
lotoxic agents for conditioning regimen prior to hemat-
opoietic stem cell transplantation (HSCT). Santos et al. 
introduced it in the early eighties to replace total body 
irradiation (TBI) (Bartelink et al. 2008; Santos et al. 1983; 
Socié et al. 2001). Busulfan is an alkylating agent that 
interacts with DNA and RNA single strands. By cross-
linking bases, busulfan damages DNA replication and thus 
inhibits proliferating cells. Despite its efficacy, busulfan 
has multiple adverse effects, e.g. the induction of hepatic 
endothelial damage leading to a sinusoidal-obstruction 
syndrome (SOS) of the liver (Grochow et al. 1990), par-
ticularly prevalent among young children. Due to this 
important toxicity for endothelial cells of the liver, busul-
fan has a small therapeutic range (Schiltmeyer et al. 2003).

When busulfan is administered orally, it shows high 
intra- and interindividual variability based on age, liver 
function and pharmacokinetics (PK) (Malär et al. 2011). 
PK is important in pediatric patients, as it diverges from 
the PK of older patients, requiring different dosage sched-
ules (Oechtering et al. 2005; Zao et al. 2015).

Overdosing as well as underdosing can have an adverse 
effect on prognosis (Malär et al. 2011). While overdosing 
results in higher toxicity and a higher incidence of trans-
plantation-related mortality (TRM), underdosing result-
ing in loss of efficacy can cause a higher rate of relapse, 
mixed chimerism and graft failure (Bolinger et al. 2000). 
Benadiba et al. (2018) emphasizes the variability in busul-
fan PK as a risk factor for toxicity and graft failure.

To overcome the variability in busulfan levels upon oral 
administration, intravenous (i.v.) administration of busul-
fan was introduced in 1999 (McCune et al. 2009). The 
dose of busulfan administered was based on the patient’s 
bodyweight (Nguyen et  al. 2004; Scott et  al. 2012). 
Although in theory, variability of busulfan levels should 
have been reduced, variability persisted, leading to the 
implementation of therapeutic drug monitoring (TDM) 
(McCune et al. 2000).

TDM is a method to determine busulfan plasma levels 
in blood samples taken after the first and second adminis-
tration. With these plasma levels the area-under-the-curve 
(AUC) is calculated (Malär et al. 2011). According to the 
underlying disease, the target cumulative AUC varies 
(Bartelink et al. 2016). Some patients who could not reach 
the target cumulative AUC with the initially planned doses 
due to age, clearance and other factors needed individual 
dose adjustments to optimize outcomes (Chattergoon et al. 
1997).

Until now, there are no clear recommendations for 
the target cumulative AUC, depending on the underlying 

disease and other factors such as age and the conditioning 
regimen used (Shao et al. 2022). Feng et al. (2020) suggest 
an AUC greater than 900 µM x min (cumulative AUC of 
59.1 mg/L x h) to avoid graft failure and a cut-off AUC 
less than 1350 µM x min (cumulative AUC of 88.7 mg/L 
x h) to prevent hepatic SOS. However, Bartelink et al. 
(2016) suggest an AUC range between 78 mg/L x h and 
101 mg/L x h for the highest event-free survival.

Although Kashyap et al. (2002) demonstrated that i.v. 
administration of busulfan alone is associated with better 
outcomes after HSCT, there are authors claiming that i.v. 
administration steered by TDM may further improve out-
comes of patients compared to oral administration and i.v. 
administration without TDM. Shimoni et al. (2003) sug-
gested that TDM could be particularly beneficial for patients 
with a high risk of relapse under the current regimen, such 
as patients with advanced malignancies.

This retrospective study aims to compare three routes 
of busulfan administration, evaluating outcome regarding 
transplantation-related mortality (TRM) and overall survival 
(OS) in pediatric patients conditioned with busulfan prior 
to HSCT.

Patients and methods

Study design and patients

This retrospective, non-randomized, single-center study 
includes 250 pediatric patients with malignant and non-
malignant diseases who underwent allogeneic or autologous 
HSCT at the Department of Pediatrics, Jena University Hos-
pital, Jena, Germany. All patients received a busulfan based 
conditioning regimen. Busulfan was administered orally in 
148 patients (group 1). Sixty-two patients received busulfan 
i.v. without TDM (group 2) and 40 patients received busul-
fan i.v. with additional TDM (group 3). Table 1 describes 
clinical characteristics of the patients.

Busulfan administration

Busulfan was administered orally at a fix dose of 1 mg/kg 
four times daily in a 6-h interval. The patients were treated 
with busulfan for four days, resulting in a cumulative dosage 
of 16 mg/kg. Busulfan formulation was only available as a 
2 mg pill requiring patients to ingest a significant number 
of pills.

Busulfan was administered i.v. as a 2-h infusion four 
times daily every six hours for a total of 96 h. Nguyen et al. 
(2004) proposed a dosing regimen adjusted to the patient’s 
body weight. Patients with a body weight less than 9 kg, 
from 9 kg to less than 16 kg and from 16 kg to less than 
23 kg received a single dose of 1 mg/kg, 1.2 mg/kg and 
1.1 mg/kg, respectively. Lower doses of 0.95 mg/kg and 
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0.8 mg/kg were administered to children with a body weight 
from 23 to 34 kg and greater than 34 kg, respectively.

For i.v. busulfan with TDM, doses were administered 
twice daily as a 4-h infusion in a twelve-hours interval. 
The dosage suggested by Nguyen et al. (2004), based on 
the patient’s body weight, was doubled for one infusion 
and was then adjusted to the targeted cumulative AUC. The 
period of busulfan treatment, and thereby the total number 
of doses, varied depending on the AUC after the first and 
second dose and the patients’ disease. Doses were increased 
to achieve the target cumulative AUC if necessary. We aimed 
at a target cumulative AUC of 85.0 mg/L x h for patients 
with malignant diseases and 70.0 mg/L x h for patients with 
non-malignant diseases. The conditioning regimen included 

other cytotoxic agents like cyclophosphamide, fludarabine 
or melphalan.

Busulfan therapeutic drug monitoring

The first administration of busulfan started at midnight. 
Blood samples were collected prior to the infusion and at 
0 min, 30 min, 60 min, 120 min, 240 min and 360 min fol-
lowing the first and second infusion from a central cath-
eter. For this, another lumen from the one used for busulfan 
administration was used. Lithium heparin tubes were used 
for blood collection. Then the blood collection tubes were 
centrifuged, and the obtained plasma was frozen.

The plasma was stored on dry ice and transported over-
night to the Department of Clinical Chemistry, University 
Hospital Zurich, Zurich, Switzerland, where the measure-
ments were performed.

Plasma was analyzed by high performance liquid chroma-
tography-mass spectrometry to determine the busulfan con-
centration. This procedure was conducted for every blood 
sample. The AUC after the first and the second infusion was 
calculated by using these concentrations over time. Calcula-
tions were made using the program Win-Nonlin (version 5.2; 
Pharsight, Mountain View, CA, USA). The cumulative AUC 
was calculated according to the following formula:

where x represents the number of planned and administered 
additional doses.

Based on a malignant or non-malignant disease the tar-
get AUC varied. Doses were adjusted to achieve the target 
cumulative AUC. If necessary, typically more doses were 
administered; however, if the cumulative AUC could not 
be achieved within time by increasing the number of doses, 
the dose itself was also increased. Dose increments up to 
30–40% were occasionally necessary.

Endpoints

TRM was defined as the time from HSCT to death caused 
by any other causes than their underlying disease or relapse 
(e.g. infections, toxicity because of conditioning regimen, 
SOS). Patients who died of their underlying disease and 
patients who survived were censored at last follow up. OS 
was defined as the time from HSCT to death by any cause.

Statistical analysis

The competing risk model was used to estimate the cumu-
lative incidence of TRM. The Fine and Gray model was 
applied to assess statistical significance. We used the 
Kaplan–Meier method to estimate the OS and compared the 

AUCcum = AUC1 + (x⋅ ∗ ⋅AUC2 )

Table 1   Characteristics of patients (n = 250)

AML acute myeloid leukemia, MDS myelodysplastic syndrome, 
CMML chronic myelomonocytic leukemia, ALL acute lymphoblastic 
leukemia, CML chronic myeloid leukemia, JMML juvenile myelo-
monocytic leukemia, NHL non-Hodgkin lymphoma, RBD rhabdo-
myosarcoma, NBL neuroblastoma, EWS ewing sarcoma, G genetic 
disease, GCT​ germ cell tumor, HSCT hematopoietic stem cell trans-
plantation, MYF myelofibrosis, HLA human leukocyte antigen

Characteristics Total no. (%)

Median age of the patients (years) 8.5
Sex
Male
Female

166 (66.4)
84 (33.6)

Type of HSCT
Allogeneic HSCT
Autologous HSCT

190 (76.0)
60 (24.0)

Disease
AML/ MDS/ CMML
ALL
CML
JMML
NHL
RBD
NBL
EWS
G
MYF
GCT​

114 (45.6)
40 (16.0)
11 (4.4)
7 (2.8)
6 (2.4)
4 (1.6)
9 (3.6)
6 (2.4)
51 (20.4)
1 (0.4)
1 (0.4)

Malignancy
Malignant disease
Non-malignant disease

199 (79.6)
51 (20.4)

Stage of disease
Genetic disease
Remission
Relapse
Primary disease
Chronic phase (CML)

51 (20.4)
124 (49.6)
23 (9.2)
41 (16.4)
11 (4.4)

Donor type
HLA-mismatched unrelated
HLA-matched unrelated
HLA-mismatched related
HLA-matched related
autologous

16 (6.4)
91 (36.4)
12 (4.8)
71 (28.4)
60 (24.0)
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calculations with the log-rank test. Calculations with p-val-
ues less than 0.05 were considered statistically significant. 
Multivariate analysis was used to identify any association 
between the method of busulfan administration and TRM, as 
well as OS. For this, a Cox-proportional hazard model was 
used. The results were demonstrated with corresponding p 
values (p), hazard ratio (HR) and 95%-confidence interval 
(CI). All statistical calculations were made using IBM SPSS 
Statistics Premium 29 for Windows and R-4.3.2.

Results

TRM and OS analysis

We observed a statistically significant association between 
the route of busulfan administration and TRM. The cumu-
lative incidence of TRM for all patients at five years after 
transplantation was 40.5% (95% CI = 31.8—48.9%) for 
group 1, 25.2% (95% CI = 14.5—37.3%) for group 2, and 
8.4% (95% CI = 2.1—20.6%) for group 3 (p < 0.001, Fig. 1).

The cumulative incidence of TRM for patients with 
malignant diseases only was 40.3% (95% CI = 31.0—49.4%) 
for oral administration, 28.4% (95% CI = 15.5—42.8%) for 
i.v. administration without TDM, and 15.3% (95% CI = 2.0—
40.7%) for i.v. administration with TDM (p = 0.051, Fig. 2). 
The TRM rate for patients with non-malignant diseases only 
was 43.8% (95% CI = 18.9—66.4%) for group 1, 15.4% (95% 
CI = 2.2—39.8%) for group 2, and 4.6% (95% CI = 0.3—
19.4%) for group 3 (p = 0.009, Fig. 3).

Regarding the five-year OS (5y-OS) after transplantation 
for all patients, the 5y-OS rate for patients receiving busul-
fan orally was 39.9% (95% CI = 32.7—48.6%), 61.2% (95% 
CI = 50.2—74.7%) for patients receiving busulfan i.v. with-
out TDM, and 83.9% (95% CI = 72.8—96.7%) for patients 

with i.v. administration and TDM (p < 0.001, Fig. 4). The 
5y-OS for patients with malignant diseases only was 37.9% 
(95% CI = 30.4—47.1%), 55.1% (95% CI = 42.8—70.9%) 
and 67.5% (95% CI = 47.4—96.2%) for group 1, 2 and 3, 
respectively (p = 0.017, Fig. 5). Regarding patients with 
non-malignant diseases only, group 3 also showed the best 
5y-OS rate. Group 1 showed a 5y-OS rate of 56.3% (95% 
CI = 36.5—86.7%), compared to 84.6% (95% CI = 67.1—
100.0%) for group 2, and 95.5% (95% CI = 87.1—100.0%) 
for group 3 (p = 0.007, Fig. 6).

SOS analysis

The criteria established by the European Society for Blood 
and Marrow Transplantation to diagnose SOS in pediatric 
patients were used (Corbacioglu et al. 2018). The cumu-
lative incidence of hepatic SOS was analyzed for patients 
with malignant diseases only who received i.v. administra-
tion of busulfan with TDM. Patients with a cumulative AUC 
greater than 85.0 mg/L x h showed a cumulative incidence 
of hepatic SOS of 55.6% (95% CI = 17.5 – 82.0%) in com-
parison to 11.1% (95% CI = 0.47 – 40.6%) for patients with a 
cumulative AUC less than 85.0 mg/L x h (p = 0.038, Fig. 7).

Multivariate analysis

A multivariate analysis was used to identify an association 
between the route of busulfan administration and other clini-
cal factors influencing TRM and OS. To confirm that the 
route of busulfan administration is an independent prognos-
tic factor, we integrated the following potential confounding 
variables: age, conditioning regimen, HLA compatibility, 
donor-recipient-gender match and disease risk (defined by 
the disease and its stage according to Arndt et al. (2014)). 
We confirmed that the route of busulfan administration as 

Fig. 1   Transplantation-related 
mortality for all patients 
according to patients’ busulfan 
administration (p < 0.001)
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well as disease risk are independent risk factors for TRM 
and OS (p < 0.05). The results are presented in Table 2.

Discussion

This study demonstrates that the route of busulfan admin-
istration significantly effects TRM and OS in pediatric 
patients. We showed that i.v. administration of busul-
fan with TDM results in a significantly lower TRM rate 
for patients with malignant and non-malignant diseases 

Fig. 2   Transplantation-related mortality for patients with malignant diseases according to patients’ busulfan administration (p = 0.051)

Fig. 3   Transplantation-related mortality for patients with non-malignant diseases according to patients’ busulfan administration (p = 0.009)



	 Journal of Cancer Research and Clinical Oncology (2025) 151:132132  Page 6 of 10

compared to i.v. administration without TDM, who, in 
turn, had a better outcome than patients with oral admin-
istration of busulfan. Moreover, we demonstrated that 
i.v. administration of busulfan with TDM results in a 
significantly improved 5y-OS for patients with malig-
nant and non-malignant diseases. There were no differ-
ences in disease entities regarding the route of busulfan 
administration. Earlier studies have already shown that i.v. 
administration leads to better survival outcomes than oral 
administration (Kashyap et al. 2002). One reason for this is 
the improved and more predictable bioavailability due to a 

more controlled administration. The gastrointestinal tract 
with less predictable absorption, is circumvented by i.v. 
administration (Kashyap et al. 2002), reducing PK varia-
bility. Furthermore, frequent complications of oral admin-
istration impacting PK such as vomiting can be avoided. 
Vomiting was a recurring problem upon oral administra-
tion of busulfan, making it notoriously difficult to retrace 
the ingested quantity. Many pediatric patients required 
repeated doses after vomiting, leading to the preference 
for i.v. administration. Our study shows that patients with 
i.v. administration had a lower incidence of TRM and an 

Fig. 4   Overall survival for all patients according to the patients’ busulfan administration (p < 0.001)

Fig. 5   Overall survival for 
patients with malignant diseases 
according to patients’ busulfan 
administration (p = 0.017)



Journal of Cancer Research and Clinical Oncology (2025) 151:132	 Page 7 of 10  132

improved OS. Nonetheless, variability remains persistent 
even with i.v. administration. Particularly in young chil-
dren, bioavailability varies due to a higher busulfan clear-
ance (Oechtering et al. 2005). Additionally, young children 
are more likely to develop hepatic SOS, emphasizing the 
importance of controlled administration, and justifying the 
introduction of TDM for i.v. administration.

Patients with i.v. busulfan administration and additional 
TDM showed the best outcome concerning TRM and OS in 
our study. This could be explained by improved cumulative 
target AUCs: patients with low cumulative AUCs were iden-
tified in real-time and received individualized dose adjust-
ments to correct cumulative AUCs, increasing efficacy and 

lowering the rate of relapse, mixed chimerism and graft fail-
ure. Ansari et al. (2014) showed that i.v. busulfan adminis-
tration and particularly the first-dose PK is associated with 
better OS and event-free survival, and lower non-relapse 
mortality.

It is important to mention that we used different target 
AUCs based on the underlying disease. In patients with 
malignant diseases, we treated patients with higher cumula-
tive target AUCs (85.0 mg/L x h) to ensure eradication of 
all cancer cells. This target AUC was established as a basis 
for the subsequent HSCT to achieve good outcomes and 
prevent relapses. In contrast, patients with non-malignant 
diseases were treated with lower cumulative target AUCs 

Fig. 6   Overall survival for 
patients with non-malignant 
diseases according to patients’ 
busulfan administration 
(p = 0.007)

Fig. 7   Cumulative Incidence of SOS for patients with malignant diseases according to patients’ cumulative area-under-the-curve (p = 0.038)
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(70.0 mg/L x h). In these patients, busulfan was primar-
ily used to eliminate the recipient’s hematopoiesis. In tar-
geting lower cumulative AUCs, toxicity could be reduced 
(Chandra et al. 2021). Güngör et al. (2014) recommended 
a target AUC of 45–65 mg/L × h for patients with chronic 
granulomatous disease to avoid organ toxicity, which resem-
bles the lower incidence of TRM demonstrated in our study. 
Additionally, monitoring is also relevant for reduced toxicity. 
Monitoring the plasma levels and thus calculating the AUC 
helps prevent overdosing and therefore adverse effects such 
as hepatic SOS. Esteves et al. (2020) claimed that patients 
with AUC levels greater than 5000 µmol*min/day (cumula-
tive AUC of 82.1 mg/L x h) have a higher risk of develop-
ing hepatic SOS. Furthermore, Bognàr et al. (2022) showed 
that a cumulative AUC > 78 mg/L x h is associated with a 
higher risk of hepatic SOS in patients with only busulfan as 
one alkylator. The lower AUC cut-off of 78 mg/L x h com-
pared to our cut-off AUC value of 85.0 mg/L x h for patients 
with malignant diseases may be explained by the underlying 
disease of the patients. Some diseases (e.g. osteopetrosis, 
hemophagocytic lymphohistiocytosis) have a higher risk of 
developing hepatic SOS. Moreover, additional factors can 
affect the risk of developing hepatic SOS (Felber et al. 2020; 
Kloehn et al. 2022).

Veal et al. (2012) demonstrated that pediatric patients 
with i.v. administration of busulfan showed a lower PK 
variability and are more likely to achieve target AUC values 
compared to children receiving oral busulfan administration. 
However, PK variability could not be eliminated entirely by 
i.v. administration. One reason for this could be the differ-
ent other therapeutic agents used in conditioning regimens 
based on the different diagnoses, which may affect the PK 
of busulfan (Schreib et al. 2023).

Although we demonstrated that i.v. administration 
combined with TDM leads to the lowest incidence of 
TRM and the best OS, it remains unclear which target 
cumulative AUC best balances efficacy and toxicity. 

Nevertheless, Tesfaye et al. (2014) showed that in 68% of 
their patients, dose adjustments were necessary to achieve 
the target AUC, which emphasizes the importance of TDM 
in busulfan-based conditioning regimens. For even bet-
ter outcomes, it is essential to define narrow AUC ranges 
for pediatric patients with both malignant as well as non-
malignant diseases.

While our study shows promising results, it must be 
noted that this study is retrospective and a single-center 
study. Moreover, the estimation of TRM and OS for 
patients with malignant and non-malignant diseases could 
be improved if more patients were included in each group.

In summary, our study emphasizes the importance of 
i.v. administration of busulfan with TDM for pediatric 
patients to achieve lower incidence of TRM and improved 
OS. Patients with i.v. administration and TDM had a sig-
nificantly lower incidence of TRM, and a significantly 
improved OS compared to patients with only i.v. busulfan 
administration, who, in turn, had a better outcome than 
patients with oral busulfan administration. Our study rein-
forces the relevance of TDM in patients with malignant 
diseases, and we recommend a cut-off cumulative AUC 
of < 85.0 mg/L x h to prevent hepatic SOS in these chil-
dren. To validate our results, further studies are necessary.
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mortality (TRM) and overall 
survival (OS)

p-values of less than 0.05 indicated statistical significance (in bold)
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