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A B S T R A C T
Intravenous busulfan is widely used as part of myeloablative conditioning regimens in children and young
adults undergoing allogeneic hematopoietic cell transplantation (HCT). Hepatic veno-occlusive disease/sinusoi-
dal obstruction syndrome (VOD/SOS) is a serious clinical problem observed with busulfan-based conditioning
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HCT. The development of VOD/SOS may be associated with busulfan exposure. Getting more insight into the
association between busulfan exposure and the development of VOD/SOS enables further optimization of dos-
ing and treatment strategies. The objective of this study was to assess the association between the magnitude of
busulfan exposure and the occurrence of VOD/SOS in children and young adults undergoing myeloablative con-
ditioning with a busulfan-containing regimen before allogeneic HCT. In this observational study we included all
patients who underwent allogeneic HCT with intravenous busulfan as part of the conditioning regimen at 15
pediatric transplantation centers between 2000 and 2015. The endpoint was the development of VOD/SOS. The
magnitude of busulfan exposure was estimated using nonlinear mixed effect modeling and expressed as the
maximal concentration (Cmax; day 1 and day 1 to 4 Cmax), cumulative area under the curve (AUC; day 1, high-
est 1-day AUC in 4 days, and 4-day cumulative AUC), cumulative time above a concentration of 300 mg/L, and
clearance on day 1. A total of 88 out of 697 patients (12.6%) developed VOD/SOS. The number of alkylators in
the conditioning regimen was a strong effect modifier; therefore we stratified the regression analysis for the
number of alkylators. For patients receiving only busulfan as one alkylator (36.3%, n = 253), cumulative busulfan
exposure (>78 mg £ h/L) was associated with increased VOD/SOS risk (12.6% versus 4.7%; odds ratio
[OR] = 2.95, 95% confidence interval [CI] 1.13 to 7.66). For individuals receiving busulfan with one or two addi-
tional alkylators (63.7%, n = 444), cumulative busulfan exposure (�78 and >78 mg £ h/L) did not further
increase the risk of VOD/SOS (15.4% versus 15.2%; OR = 1.03, 95% CI 0.61 to 1.75). The effect of the magnitude of
busulfan exposure on VOD/SOS risk in children and young adults undergoing HCT is dependent on the number
of alkylators. In patients receiving busulfan as the only alkylator, higher cumulative busulfan exposure
increased the risk of VOD/SOS, whereas in those receiving multiple alkylators, the magnitude of busulfan expo-
sure did not further increase this risk.
© 2022 The American Society for Transplantation and Cellular Therapy. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Intravenous busulfan is widely used as part of myeloabla-
tive conditioning regimens in children and young adults
undergoing allogeneic hematopoietic cell transplantation
(HCT). Busulfan has high interpatient and intrapatient phar-
macokinetic variability that can be only partly explained by
pharmacokinetic or patient-specific determinants. Finding
the optimal busulfan exposure remains a challenge, with
underexposure being associated with graft failure and dis-
ease recurrence and overexposure being associated with
toxicity. The optimal therapeutic window is narrow: thera-
peutic drug monitoring (TDM) targeting a cumulative busul-
fan area under the curve (AUCcum) of 78 to 101 mg £ h/L
after intravenous administration, which leads to optimal
treatment outcomes in mixed malignant and nonmalignant
diseases [1,2].

Despite the routine practice of TDM and its proven clini-
cal benefits, hepatic veno-occlusive disease/sinusoidal
obstruction syndrome (VOD/SOS) remains a relevant clini-
cal issue with busulfan-based conditioning HCT, with a
reported overall incidence of 13.7% [3]. The pathogenesis of
VOD/SOS is complex: owing to an imbalance in procoagu-
lant, inflammatory, and fibrinolytic processes, sinusoidal
blood flow is obstructed, leading to hepatic endothelial
damage and ultimately to necrosis. VOD/SOS is clinically
characterized by jaundice, hyperbilirubinemia, hepatomeg-
aly, ascites, weight gain, and pain in the right upper quad-
rant of the abdomen [4].

Several studies suggest an association between the magni-
tude of busulfan exposure and the development of VOD/SOS,
with mixed results. High busulfan peak concentration (Cmax)
and 4-day cumulative AUC have been linked to a higher inci-
dence of VOD/SOS in children [2,5], but various other studies
did not find an association [6�8]. Therefore it remains unclear
what strategies should be used to minimize the risk of VOD/
SOS in individuals requiring intravenous busulfan. The objec-
tive of the present study was to assess the association between
the magnitude of intravenous busulfan exposure and VOD/SOS
development in children and young adults undergoing mye-
loablative conditioning with a busulfan-containing regimen
before allogeneic HCT.
METHODS
Setting, design, and study population

In this observational multicenter study, we included all patients who
received an allogeneic HCT with intravenous busulfan as part of the condi-
tioning regimen at 15 pediatric transplantation centers in the Netherlands,
Germany, Austria, United States, Australia, Canada, Switzerland, Italy, and the
United Kingdom between 2000 and 2015 and who underwent busulfan phar-
macokinetic blood sampling. Ethical approval for this study was obtained
from the Medical Ethics Committee of the University Medical Center Utrecht.
The study design has been described previously [1]. Data collection started
after patients had provided written informed consent in accordance with the
Helsinki Declaration or after approval was given by the research ethics board
of the participating center.

Patient-specific, demographic, medication-related, and HCT-related vari-
ables were registered by the transplantation centers, during a minimum fol-
low-up period of 6 months after conditioning. Blood sampling, busulfan dose
adjustments, and HCT-related procedures were performed according to local
protocol. The initial busulfan dose was calculated based on actual body
weight. Busulfan was mostly administered over 4 consecutive days as a
3-hour or 4-hour infusion administered once a day or a 2-hour or 4-hour
infusion (depending on center) administered 2 or 4 times a day. Plasma sam-
ples were analyzed with validated high-performance liquid chromatography,
gas chromatography, or liquid chromatography�mass spectrometry assays,
all according to Good Laboratory Practices. A small but unknown number of
patients receiving busulfan, cyclophosphamide, and melphalan participated
in a VOD/SOS prophylaxis trial and received defibrotide as part of VOD/SOS
prophylaxis.
Veno-occlusive disease/sinusoidal obstruction syndrome and secondary
outcomes

The outcome of interest was the occurrence of VOD/SOS as defined by the
modified Seattle or Baltimore criteria [9,10]. According to the modified Seat-
tle criteria, VOD/SOS is defined as the occurrence of 2 or more of the follow-
ing criteria within 30 days of HCT: hepatomegaly or pain in the upper right
quadrant, hyperbilirubinemia �34 mmol/L (�2 mg/dL), and �2% weight gain
[10]. According to the Baltimore criteria, VOD/SOS is defined as the occur-
rence of hyperbilirubinemia �34 mmol/L (�2 mg/dL) and 2 or more of the fol-
lowing symptoms within 21 days of HCT: hepatomegaly, ascites and �5%
weight gain [9]. VOD/SOS diagnosis was performed by a clinician of the par-
ticipating center according to local protocol using the Baltimore or Seattle cri-
teria.

Event free survival (EFS), graft-failure/relapse of disease, and transplant-
related mortality were also evaluated as secondary endpoints. Transplant-
related mortality was defined as death from causes unrelated to the disease.
Graft failure was defined as nonengraftment or rejection. Events for EFS
included graft failure, relapse of disease, or death and was defined as survival
from HCT to last contact. Patients who did not experience an event were cen-
sored at the time of last contact.

http://creativecommons.org/licenses/by/4.0/


Table 1
Patient Characteristics of the Total Patient Population

N = 697 %

Patient demographics

Gender

Male 431 61.8%

Female 266 38.2%

Age (years)

0-2 226 32.4%

2-5 134 19.2%

5-12 189 27.1%

>12 148 21.2%

Weight (kg)

<10 151 21.7%

10-20 240 34.4%

20-30 110 15.8%

>30 196 28.1%

Donor-related characteristics

Diagnosis

Malignant 298 42.8%

Nonmalignant 369 52.9%

Missing 30 4.3%

Donor

Unrelated 429 61.5%

Family 254 36.4%

Missing 14 2.0%

Matching status

Matched 352 50.5%

Mismatch 293 42.0%

Missing 52 7.5%

Hematopoietic cell transplantation-related characteristics

Busulfan in combination with

Fludarabine 296 42.5%

Cyclophosphamide 418 60.0%

Melphalan 99 14.2%

Etoposide 8 1.1%
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Magnitude of busulfan exposure
The magnitude of busulfan exposure was characterized in several ways:

� Cumulative 4-day AUC (AUCcum), defined as the cumulative exposure
over 4 days of therapy

� Maximal AUC on any given treatment day (AUCmax), defined as the maxi-
mal AUC during therapy

� AUC on day 1 (AUCday1), defined as the cumulative exposure on day 1
� Maximal concentration (Cmaxday1) on either day 1 or on any given treat-

ment day (Cmax).
� Cumulative time (%) above a concentration of 300 mg/L (C>300 mg/L)
� Busulfan clearance on day 1 (Cld1); poor, medium, and fast metabolizers

were identified by calculating the difference between individual and
mean population clearance (Cldelta)

These measures of busulfan exposure were calculated from the raw con-
centration�time data using nonlinear mixed effect modelling (NONMEM). A
previously published, externally validated busulfan pharmacokinetic model
was used to fit the raw concentration�time data [11,12].

Potential confounders/effect modifiers
Biological plausibility and available literature suggest that the following

determinants may influence the development of VOD/SOS and were there-
fore considered potential confounders or effect modifiers: gender, body
weight, age, disease status (malignant/non-malignant), donor/recipient
matching status, graft-versus-host disease prophylaxis regimen, and number
of alkylators.

Data analysis
To investigate the association between the magnitude of busulfan expo-

sure and the occurrence of VOD/SOS, the above-mentioned characteristics of
the magnitude of busulfan exposure were compared in patients with and
without VOD/SOS using descriptive statistics and multivariate logistic regres-
sion analysis (IBM SPSS Statistics, version 25.0.02). Continuous variables
were first grouped into predefined tertiles or quartiles, and when a correla-
tion was found, they were included as continuous data in spline logistic
regression analyses. Confounders or effect modifiers were identified using
stepwise logistic regression analysis with a change-in-estimate procedure (P
<.1). To investigate the effect of the use of 2 diagnostic criteria for VOD/SOS,
a sensitivity analysis was performed, in which we excluded the centers that
diagnosed VOD/SOS according to the Baltimore criteria. In case continuous
variables were included in the final multivariate model, the cutoff value of
these variables were calculated using receiver operating characteristic curve
analysis and decision tree analysis (chi-square automatic interaction detec-
tion). EFS, graft-failure/relapse, and transplant-related mortality were esti-
mated by the Kaplan-Meier method.
Number of alkylators in the conditioning regimen

1: Busulfan 253 36.3%

2: Busulfan + Cyclophosphamide or Melphalan 371 53.2%

3: Busulfan + Cyclophosphamide + Melphalan 73 10.5%

Chemotherapy regimen

Busulfan + Cyclophosphamide 277 39.7%

Busulfan + Cyclophosphamide + Melphalan 73 10.5%

Busulfan + Cyclophosphamide + Fludarabine 42 6.0%

Busulfan + Fludarabine 201 28.8%

Busulfan + Cyclophosphamide + Etoposide 5 0.7%

Busulfan + Fludarabine + Clofarabine 12 1.7%

Busulfan + Fludarabine + Melphalan 11 1.6%

Missing 76 10.9%

T-cell depletion

Yes 39 5.6%

No 234 33.6%

Missing 424 60.8%

Serotherapy

Yes 495 71.0%

No 144 20.7%

Missing 58 8.3%

Graft-versus-host disease prophylaxis regimen

None 17 2.4%

Cyclosporine 56 8.0%

(continued)
RESULTS
A total of 697 patients received an HCT with intravenous

busulfan as part of their conditioning regimen, with a median
age of 4.7 years (range 0.04 to 30.4 years) and a median body
weight of 18.0 kg (range 2.7 to 117.8 kg; the patient character-
istics are displayed in Table 1). Estimated EFS at 1 and 2 years
after HCT was 70.7% and 65.6%, respectively. Estimated proba-
bility of graft failure, transplant-related mortality, and graft
failure/relapse at 2 years was 7.6%, 14.2%, and 20.1%, respec-
tively.

In total, 36.3% (n = 253) received only busulfan as an alkyla-
tor, 53.2% (n = 371) received cyclophosphamide or melphalan
in combination with busulfan (2 alkylators), and 10.5% (n = 73)
received cyclophosphamide and melphalan in combination
with busulfan (3 alkylators). The most frequently used condi-
tioning regimens were busulfan/cyclophosphamide (39.7%,
n = 277), busulfan/fludarabine (28.8%, n = 201) and busulfan/
cyclophosphamide/melphalan (10.5%, n = 73). The model and
results of the population pharmacokinetic refit of all individual
raw concentration�time profiles and method of calculation of
each pharmacokinetic parameter are shown in Supplementary
Table S4 and Supplementary Figure S2. Individual clearance
and volume of distribution of the first compartment was well
estimated, but in the full dataset, we observed shrinkage to
the mean value in the inter-occasion variability. Therefore, in



Table 1 (Continued)

N = 697 %

Cyclosporine + Methotrexate 212 30.4%

Cyclosporine + Prednisolone 60 8.6%

Cyclosporine + Mycophenolic Acid 81 11.6%

Cyclosporine + Methotrexate + Prednisolone 32 4.6%

Missing/other 239 34.3%
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the present analysis, change in clearance over time could not
be included in our NONMEM analyses.

Incidence of veno-occlusive disease/sinusoidal obstruction
syndrome and association with busulfan exposure

In total, 12.6% (n = 88) of patients were diagnosed with
VOD/SOS according to the modified Seattle or Baltimore crite-
ria. Univariate regression analysis showed that the magnitude
of busulfan exposure was not associated with the development
of VOD/SOS in the total study population (Table 2). The
Table 2
The Association Between Veno-Occlusive Disease/Sinusoidal Obstruction Syndrome an

Patients Receiving Busulfan as the Onl
Alkylator (n = 253)*

Total (n) VOD/SOS,
n = 20, % (n)

OR

AUCcum (mg £ h/L)*

�78 150 4.7% (7) Reference group

>78 103 12.6% (13) 2.95

AUCmax (mg £ h/L)

<12.5 115 9.6% (11) Reference group

12.5�17.5 67 4.5% (3) 0.44

>17.5 71 8.5% (6) 0.86

AUCday1 (mg £ h/L)

<12.5 34 0.0% (0) Reference group

12.5�17.5 123 8.9% (11) —

>17.5 96 9.4% (9) —

Cld1 (L/h/kg)

<0.20 103 9.7% (10) Reference group

0.20�0.24 72 9.7% (7) 0.78

>0.24 78 3.8% (3) 0.26

C>300 mg/L (%)

<33.3 52 0.0% (0) Reference group

33.3�66.6 91 8.8% (8) —

>66.6 110 10.9% (12) —

Cmax (mg/L)

<1450 62 9.7% (6) Reference group

1450�2250 75 10.7% (8) 1.12

>2250 116 5.2% (6) 0.51

Cmaxday1 (mg/L)

<1250 77 7.8% (6) Reference group

1250�2600 69 11.6% (8) 1.57

>2600 107 5.6% (6) 0.70

Metabolizer type

Slowmetabolizer 116 8.6% (10) Reference group

Mediummetabolizer 45 11.1% (5) 1.30

Fast metabolizer 92 5.4% (5) 0.60

The results of the logistic regression analysis have been corrected for age and sex. OR in
maximal AUC on any given treatment day, AUCday1 = AUC on day 1, Cldelta = clearance
C>300 mg/L = cumulative time above a concentration of 300 mg/L, Cmaxday1 = maximal co
disease/sinusoidal obstruction syndrome.
* The number of alkylators in the conditioning regimen was a strong effect modi

(AUCcum as continuous variable), P = .058 (AUCcum >78 mg £ h/L).
number of alkylators in the conditioning regimen was a strong
effect modifier (Table 2, P < .001): in patients receiving busul-
fan in combination with cyclophosphamide or melphalan (2
alkylators, in combination with other nonalkylator chemother-
apy drugs), there was a trend toward an increased risk of
developing VOD/SOS as compared to patients receiving only
busulfan as alkylator (13.2% versus 7.9%, odds ratio [OR] = 1.59,
95% confidence interval [CI] 0.91 to 2.77), whereas in patients
who received busulfan in combination with cyclophosphamide
and melphalan (3 alkylators, in combination with other nonal-
kylator chemotherapy drugs), the risk of developing VOD/SOS
increased fourfold (26.0% versus 7.9%, OR = 4.09; 95% CI 2.02 to
8.30) (Table 3 and Supplementary Table S1). Therefore, we
stratified the univariate and multivariate regression analysis
for the number of alkylators (Tables 2 and 3). The number of
alkylators in the conditioning regimen was equally distributed
between patients with a malignant and a nonmalignant dis-
ease status (Supplementary Table S2). The disease status,
graft-versus-host disease prophylaxis regimen, and donor/
d Busulfan Exposure

y Patients Receiving Busulfan + Cyclophosphamide and/or
Melphalan (n = 444)*

95% CI Total (n) VOD/SOS,
n = 68, % (n)

OR 95% CI

223 15.2% (34) Reference group

1.13-7.66 221 15.4% (34) 1.03 0.61-1.75

226 13.5% (36) Reference group

0.12-1.65 49 10.2% (5) 0.74 0.27-2.02

0.30-2.44 129 20.9% (27) 1.55 0.88-2.73

107 17.8% (19) Reference group

171 12.3% (21) 0.64 0.32-1.28

166 16.9% (28) 0.90 0.47-1.74

130 13.8% (18) Reference group

0.26-2.34 159 15.7% (25) 0.80 0.40-1.61

0.06-1.11 155 16.1% (25) 0.78 0.38-1.61

34 26.5% (9) Reference group

152 19.7% (30) 0.65 0.27-1.56

258 11.2% (29) 0.36 0.15-0.87

138 16.7% (23) Reference group

0.36-3.48 159 10.7% (17) 0.60 0.30-1.19

0.16-1.67 147 19.0% (28) 1.09 0.58-2.03

143 16.1% (23) Reference group

0.51-4.78 170 10.0% (17) 0.62 0.31-1.23

0.22-2.28 131 21.4% (28) 1.32 0.70-2.46

189 16.9% (32) Reference group

0.41-4.08 100 16.0% (16) 1.01 0.52-1.99

0.20-1.82 155 12.9% (20) 0.79 0.43-1.46

dicates adjusted odds ratio for sex and age; AUCcum = cumulative AUC, AUCmax =
of each individual versus the mean population clearance, Cld1 = clearance day 1,
ncentration on day 1, Cmax = maximal concentration, VOD/SOS = veno-occlusive

fier (busulfan versus busulfan and cyclophosphamide or melphalan), P < .001



Table 3
Final Multivariate Logistic Regression Models of the Association Between Busulfan Exposure and Veno-Occlusive Disease/Sinusoidal Obstruction Syndrome

Total Study Population (N = 697) Patients Receiving Only Busulfan
As An Alkylator (N = 253)

Patients Receiving Busulfan in
Combination With Cyclophosphamide,

Melphalan, or Both (N = 444)

OR 95% CI OR 95% CI OR 95% CI

Busulfan Reference — —

Busulfan + Cyclophosphamide or Melphalan 1.59 0.91-2.77 — Reference

Busulfan + Cyclophosphamide + Melphalan 4.09 2.02-8.30 — 2.63 1.40-4.95

Sex (female) 1.76 1.11-2.78 0.97 0.37-2.56 2.17 1.27-3.71

Age (y) 0.94 0.90-0.98 0.99 0.92-1.06 0.91 0.85-0.96

AUCcum �78 mg £ h/L Reference Reference Reference

AUCcum >78 mg £ h/L 1.39 0.88-2.21 2.95 1.13-7.66 1.10 0.64-1.88

Patients were stratified by the number of alkylators (busulfan as the only alkylator and busulfan + cyclophosphamide and/or melphalan). AUCcum = cumulative 4-day
area under the curve.
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recipient matching status did not predict VOD/SOS develop-
ment. Multiple, non-busulfan related, determinants (female
sex, younger age) appeared to be strong predictors of VOD/SOS
development (Table 3). A cutoff value of 2.89 years for age was
identified using receiver operating characteristic curve analy-
sis and decision tree analysis. In the total patient population,
VOD/SOS risk increased approximately threefold in patients
aged �2.89 years (19.4% versus 8.1%, OR = 2.81, 95% CI 1.76 to
4.51).

In patients receiving only busulfan (in combination with
non-alkylator chemotherapy) as an alkylator (36.3%, n = 253),
cumulative busulfan exposure (>78 mg £ h/L) was associated
with increased VOD/SOS risk (12.6% versus 4.7%, OR = 2.95;
95% CI 1.13 to 7.66), whereas in patients who received busul-
fan in combination with other alkylators (cyclophosphamide,
melphalan, or both; total of 2 or 3 alkylators; 63.7%, n = 444),
busulfan exposure was not associated with a further increase
in VOD/SOS risk (15.2% versus 15.4%). When using a continu-
ous variable instead of categorical variables for the AUCcum,
these associations remained (data not shown). Consistent with
this finding, the spline regression analysis showed that a high
AUCcum (>78 mg £ h/L) increased the probability of develop-
ing VOD/SOS in patients receiving busulfan as the only alkyla-
tor, whereas in patients receiving busulfan and
cyclophosphamide or melphalan (multiple alkylators), the risk
was not dependent on the AUCcum (Figure 1). To perform a
Figure 1. Spline regression analysis of the association between VOD/SOS and
busulfan AUCcum stratified by the number of alkylators and adjusted for age,
sex, and number of alkylators (only in the multiple alkylator group). In
patients who received only busulfan as an alkylator (solid line), cumulative
busulfan exposure was associated with increased VOD/SOS risk, whereas in
patients receiving multiple alkylators (dashed line) the risk remained similar
and was not dependent on AUCcum.
sensitivity analysis, we excluded the centers that diagnosed
VOD/SOS according to the Baltimore criteria. This analysis
showed that the overall results were not affected by the use of
2 different sets of diagnostic criteria for VOD/SOS.

DISCUSSION
This study shows that in patients receiving busulfan as the

only alkylator, high busulfan AUCcum (>78 mg £ h/L) was asso-
ciated with an approximately threefold higher risk of develop-
ing VOD/SOS. In patients receiving cyclophosphamide and/or
melphalan in combination with busulfan in the conditioning
regimen, the magnitude of busulfan exposure was not associ-
ated with a further increase in VOD/SOS risk. Multiple, non-
busulfan-related, determinants (female sex, younger age)
appeared to be strong predictors of VOD/SOS development.

Our results show that patients receiving three alkylators
had a higher incidence of VOD/SOS than patients receiving a
single alkylator (26.0% versus 7.9%, Supplementary Table S1).
The observed increase in busulfan toxicity in patients receiving
multiple alkylators may be explained by a number of different
factors. First, cyclophosphamide and melphalan may potenti-
ate busulfan toxicity or vice versa because all these agents are
metabolized by conjugation to glutathione (GSH) through glu-
tathione S-transferase (GST) [13�16]. Therefore simultaneous
metabolism of these agents may lead to a rapid depletion of
GSH and to the accumulation of hepatotoxic metabolites. Sec-
ond, busulfan may be a better substrate for GST than other
alkylating agents [15,17], potentially inhibiting the detoxifica-
tion of cyclophosphamide or melphalan by displacing these
substrates from GST, leading to additional toxicity. Third,
busulfan may inhibit and even deplete GST [15], leading to
decreased clearance of melphalan [18�20] and cyclophospha-
mide [15,21], which may also potentiate toxicity. Although the
increase in busulfan toxicity may be explained by various bio-
logical mechanisms, it is important to note that some patients
were diagnosed with diseases that have an increased risk of
VOD/SOS (e.g., osteopetrosis, hemophagocytic lymphohistio-
cytosis, thalassemia, or neuroblastoma) and/or had more like-
lihood of previous exposure to chemotherapy that may also
predispose patients to VOD/SOS. Unfortunately, the study
design does not allow for previous exposure to chemotherapy
or hepatotoxic drugs (e.g., ozogamicin-antibody conjugates) to
be analyzed as a potential determinant. In addition, pre-exist-
ing liver disease or damage is an important risk factor for VOD/
SOS, but unfortunately these data were not available.

Various studies have investigated the effect of GST genetic
polymorphisms on VOD/SOS development, with mixed results
[22�28]. These polymorphisms have been linked to busulfan
pharmacokinetics and clearance in particular, with patients
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having high GST-metabolizing capacity being at risk of devel-
oping VOD/SOS trough rapid depletion of intracellular GSH
[28]. In 2020, a model for GSH depletion over time was pro-
posed, which describes a decrease in busulfan clearance and
increase in busulfan exposure in older patients [29]. This
decrease in clearance in adults cannot be explained by a differ-
ence in GSH levels, as Gibbs et al. [30] demonstrated that GSH
levels in children are similar to those in adults, but may be
attributed to differences in GST expression. This is substanti-
ated by evidence suggesting that children express higher lev-
els of GST [30,31], leading to a more rapid depletion of
intracellular GSH and the formation of a potentially toxic
busulfan�GSH conjugate as compared to adults. Consistent
with this hypothesis, we found that young age is an important
determinant for VOD/SOS.

Finally, a number of important limitations need to be con-
sidered. First, dosing of busulfan guided by TDM was routine
care in the majority (N = 14/15) of the participating transplan-
tation centers, limiting variability in exposure and the possibil-
ity of studying the extremes in this population. Second, 2
different sets of criteria (Seattle and Baltimore criteria) were
used to diagnose VOD/SOS in the participating treatment cen-
ters, which may have introduced bias. However, as shown in
the sensitivity analysis, the overall results were not affected by
the use of 2 different sets of diagnostic criteria for VOD/SOS.
The Seattle and Baltimore criteria are outdated and not desig-
nated for the pediatric population. Moreover, both the Seattle
and Baltimore criteria are considered to be stricter than the
new pediatric European Society for Blood and Marrow Trans-
plantation criteria for VOD/SOS [32]. Owing to the use of these
strict criteria in our study, only the more severe cases of VOD/
SOS may have been identified. Third, the incidence of VOD/SOS
may have been underestimated, because a small number of
patients received defibrotide and/or ursodeoxycholic acid as
VOD/SOS prophylaxis. Fourth, because VOD/SOS severity was
not the primary exposure of interest upon original data collec-
tion, VOD/SOS severity was not adequately assessed in the
majority of the participating centers and was therefore not
incorporated. Finally, patient inclusion took place over a long
period, during which outcomes may have been improved and
HCT treatment protocols may have been altered according to
new scientific insights, for example, the introduction of
reduced-intensity conditioning regimens and reversal of the
order of application of chemotherapy. The strength of this
study is its large study population, with patients recruited at
15 different international HCT centers.

In conclusion, in this large, multicenter study, high cumula-
tive exposure to busulfan was associated with VOD/SOS in
children and young adults receiving busulfan as the only alky-
lator as part of the HCT conditioning regimen. However, in
patients receiving multiple alkylators, risk increased markedly
but was not associated with busulfan exposure.
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