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Therapeutic drug monitoring (TDM) of busulfan (Bu) is well-established in pediatric
hematopoietic stem cell transplantation (HSCT), but its use in adults is limited due to a
lack of clear recommendations and scarcity of evidence regarding its utility. GSTA1 pro-
moter variants are reported to affect Bu clearance in both adults and pediatric patients.
This study aimed to evaluate the value of preemptive genotyping GSTA1 and body com-
position (obesity) in individualizing Bu dosing in adults, through pharmacokinetic (PK)
modeling and simulations. A population pharmacokinetic (PopPK) model was developed
and validated with data from 60 adults who underwent HSCT. Simulations assessed dif-
ferent dosing scenarios based on body size metrics and GSTA1 genotypes. Due to the lim-
ited number of obese patients in the cohort, the effect of obesity on Bu pharmacokinetics
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(PK) was evaluated in silico using a physiologically-based pharmacokinetic (PBPK) model
and relevant virtual populations from Simcyp software. Patients with at least 1 GSTA1*B
haplotype had 17% lower clearance on average. PopPK simulations indicated that adjust-
ing doses based on genotype increased the probability of achieving the target exposure
(3.7 to 5.5 mg.h/L) from 53% to 60 % in GSTA1*A homozygous patients, and from 50% to
61% in *B carriers. Still, Approximately 40% of patients would not achieve this therapeutic
window without TDM. A 2-sample optimal design was validated for routine model-based
Bu first dose AUC0-1 estimation, and the model was implemented in the Tucuxi user-
friendly TDM software. PBPK simulations confirmed body surface area-based doses of 29
to 31 mg/m2/6h as the most appropriate, regardless of obesity status. This study empha-
sizes the importance of individualized Bu dosing strategies in adults to achieve therapeu-
tic targets. Preemptive genotyping alone may not have a significant clinical impact, and
routine TDMmay be necessary for optimal transplantation outcomes.

© 2023 The American Society for Transplantation and Cellular Therapy. Published by
Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)
Therapeutic drug
monitoring
Model-informed
precision dosing
Limited sampling
strategy
Hematopoietic stem cell
transplantation
INTRODUCTION
Therapeutic drug monitoring (TDM) of busulfan

(Bu) has been extensively studied and implemented
in pediatric hematopoietic stem cell transplantation,
allowing for personalized dosing based on clinical
evidence that enabled to define therapeutic win-
dows leading to optimal treatment outcomes [1�3].
However, in adults, despite the evidence suggesting
exposure-response relationships in this population
[4], there remains a scarcity of proper prospective
evidence and clear recommendations for routine
TDM of myeloablative conditioning (MAC) doses of
Bu. A survey published in 2019 shows that only a
minority of transplantation units perform TDM of
MAC Bu for adult patients [5].

Bu has been recognized for its important inter-
individual variability (IIV) in exposures, in relation
to its narrow therapeutic window. That variability
was partly explained by individual patients’ char-
acteristics such as patient body size, age (in pedi-
atric patients), genetic [6], and more recently
metabolomic markers [7]. GSTA1 promoter poly-
morphisms, coding for glutathione-s-transferase
A1 primarily involved in Bu metabolism, have
been identified as factors contributing to the IIV in
Bu PK and outcomes, both in adults [8�14] and
pediatric patients [15�18]. In a multicenter ran-
domized BuCyBu study (NCT01779882) conducted
in adult patients undergoing HSCT for hematolog-
ical malignancies in Switzerland, patients were
randomized to receive cyclophosphamide either
before or after Bu administration [19]. The com-
parison of noncompartmental analysis results
suggested a higher exposure, in terms of first-
dose AUC, in GSTA1*B haplotype carriers [8]. Nev-
ertheless, it remained uncertain whether preemp-
tive genotyping of GSTA1 can be relevant for
initial dosing adjustment in adult patients, serving
as an alternative or a complement to routine TDM
for individualizing Bu dosing and achieving the
narrow therapeutic window in adult patients.

Using the data from the BuCyBu trial [4], the
present study sought to assess the added value of
preemptive genotyping and the role of body com-
position (obesity) in individualizing Bu dosing
through model-based simulations.

The primary objective of this study was to
develop a population pharmacokinetic (PopPK)
model for Bu in adult patients and evaluate the
impact of GSTA1 promoter variants on Bu clear-
ance (CL) IIV. By quantifying the extent of the
genotype effect on Bu CL, we aimed to assess the
potential value of incorporating preemptive geno-
typing into clinical practice for optimizing Bu
dosing in adults. Using PopPK model-based simu-
lations, we aimed to elucidate the potential bene-
fits of individualizing Bu dosing based on GSTA1
genotypes, and body size, and assess the necessity
of routine TDM in adult patients. Different body
size metrics were used for the simulations, to
define an optimal dosing strategy regardless of
their body composition of the patient. Because of
the scarcity of obese patients in the studied
cohort, we further developed a physiologically-
based pharmacokinetic (PBPK) model to evaluate
the impact of obesity on Bu pharmacokinetics,
and define doses suitable for each patient.
METHODS
Patient Population

Adult patients (n = 60) from the study BuCyBu
(NCT01779882) [4], for whom clinical, demo-
graphic, and PK data were available, were
included in the present analysis. These patients

http://creativecommons.org/licenses/by/4.0/
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consented for their biological samples to be stored
in the Swiss Transplant Cohort Study (SCTS) bio-
bank and to be used for research purposes. DNA
samples extracted from whole blood specimens
were received upon approval (Application ID: FUP
151) by the SCTS Biobank scientific committee.
The patients’ DNA samples were genotyped for
GSTA1 promoter variants as previously described
[20]. The clinical and demographic characteristics
of the study cohort are described in Supplemen-
tary Material S1.

Bu Administration Protocol and PK Analyses
The treatment and PK analysis protocols were

previously described [8,19]. The patients received
16 doses of Bu over 4 days (every 6-hour dosing).
A 24-hour interval was maintained between the
administration of Bu and Cy. Doses of 0.8 mg/kg
actual body weight (ABW) were administered
over 2 hours during the first day of Bu treatment,
according to Bu’s prescribing information [21].
The doses on the following days (from the fifth
dose onwards) were adjusted using TDM results
from the first dose, to achieve a per-dose exposure
range of 3.7 to 5.5 mg.h/L (900 to 1350 mM.min).
This range was selected to obtain a favorable bal-
ance between treatment efficacy and toxicity in
adult patients [4,8,22]. Plasma concentration
measurements were performed on samples with-
drawn 2, 2.5, 3, 4, and 6 hours after the start of
the first infusion. Following doses were modified
by either increasing or reducing the dose by 25%
in patients whose AUC0-1 deviated from the tar-
get exposure range’s bounds by more than 25%.
No dose adjustments were performed for devia-
tions of less than 25%. Bu TDM was conducted
within each treating center, using a cross-vali-
dated analytical method to ensure Bu quantifica-
tion accuracy and precision.

Population Pharmacokinetic Analysis
The PopPK model was developed in Phoenix

NLME software (Certara, version 8.2) with the
first-order conditional estimation and extended
least squares (FOCE-ELS) method. The one and
two-compartment models were explored as
structural models, and the additive, proportional
and mixed residual errors were tested for the sta-
tistical model. An exponential IIV was assumed
for the PK parameters (log-normal distribution).
Due to the availability of concentration data only
from the first dose, interoccasion variability of the
PK parameters was not estimated. The body
weight of the patients was incorporated into the
model using theoretical allometric scaling
equations. Other derived body size metrics were
not included in the model building process due to
the absence of height data for 12 patients. A step-
wise covariate screening was conducted using the
Bayesian information criterion (BIC) as the objec-
tive function value, considering covariates in addi-
tion to body weight. The covariates tested on top
of body weight were preconditioning levels of
Aspartate Aminotransferase (ASAT), Alanine Ami-
notransferase (ALAT), Bilirubin, Albumin, the age
of the patient, GSTA1 genetics and the randomiza-
tion group (Cy before Bu versus Bu before Cy). The
model qualification included the assessment of
goodness-of-fit plots, bootstrap re-estimation on
500 resampled datasets, and prediction-corrected
visual predictive check plots with 1000 simulated
replicates. These steps were undertaken to ensure
the reliability and robustness of the developed
model [23].
PopPK Model-Based Simulations
Considering the covariates of the 48 patients in

our dataset for whom the height was available, we
conducted Monte-Carlo simulations to generate
50 replicates for each patient. These simulations
evaluated a range of single doses varying from
0.65 mg/kg to 1 mg/kg of ABW, ideal body weight
(IBW), or adjusted ideal body weight at 25% fat
(AIBW25) [24], as well as doses ranging from 25 to
39mg/m2 of body surface area (BSA) calculated with
the Mosteller formula [25]. The adjusted body size
metrics were calculated using the equations 1 to 4.

Males: IBW kgð Þ ¼ 50þ 0:91� height cmð Þ � 152ð Þ
ð1Þ

Females : IBW kgð Þ ¼ 45þ 0:91� height cmð Þ � 152ð Þ
ð2Þ

AIBW25 kgð Þ ¼ IBW kgð Þ þ 0:25� ABW kgð Þ � IBW kgð Þð Þ

ð3Þ

BSA m2� � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ABW kgð Þ � height cmð Þ

3600

r
ð4Þ

We also tested a dosing regimen based on ABW
for individualswith BMI< 27 kg/m2 and AIBW25 for
BMI> 27 kg/m2, as suggested byNguyen et al. [24].

The outcome of interest was the probability of
achievement of a first dose AUC0-1 between 3.7
and 5.5 mg.h/L obtained with the different dosing
scenarios, calculated as the proportion of simu-
lated AUC0-1 within the defined range. The
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simulated AUC values were further stratified accord-
ing to the GSTA1 haplotype groups, allowing us to
evaluate the potential of genotype-based initial dos-
ing in reaching the targeted Bu exposures in adults.
Evaluation of Limited Sampling Strategy and
Model Implementation in Tucuxi TDM Software

PFIM software 4.0 [26] with Fisher information
matrix optimization using Federov-Wynn method
was used for the determination of an optimal 2-
sample design for TDM. The provided input time
points for the selection of the optimal sampling
timepoints were 0 h to 0.25 h to 0.5 h to 1 h to 4 h
from infusion end. Once the optimal sampling
schedule chosen, we tested the accuracy of model
predictions of a single dose AUC0-1 with limited
samples compared to the Maximum A Posteriori
(MAP) estimations with the extensive sampling
used in the study. The model was then imple-
mented in Tucuxi software [27] using the online
Table 1
Summary of the PBPK Model Parameters Inputs

Parameter Value

MW 246.3 g.mol�1

Log P -0.3

B:P 0.93

fup 0.93

fut 0.96

Kp calculation method Poulin and Theil w
Berezhkovskiy mo

Kp scalar 1.10

Kp liver 0.88

Kp Adipose 0.21

Kp Bone 0.53

Kp Brain 0.94

Kp Gut 0.84

Kp Heart 0.87

Kp Kidney 0.90

Kp Lung 0.92

Kp Muscle 0.87

Kp Skin 0.83

Kp Spleen 0.91

Kp Pancreas 0.91

Km cytosolic enzyme 3680 mM

Vmax cytosolic enzyme 10,800 pmol/min/

% Extensive metabolizers (EM) 0.35

% Poor metabolizers (PM) 0.65

Relative abundance/activity of
cytosolic enzymes in PM compared to EM

0.84

B:P indicates Blood:plasma partition ratio; fup: Fraction unbound
constant; Kp: Tissue:plasma partition coefficient; MW: Molecular
drug file editor (available from: http://drugeditor.
tucuxi.ch/) and a proficiency test was performed
to assess the concordance between single doses
AUC0-1 obtained with Tucuxi and limited sam-
pling, compared to those obtained with Phoenix
software and full sampling.
PBPK Model Development
To evaluate the impact of obesity on Bu PK, a

full-body PBPK model for Bu was developed using
Simcyp software [28] (Certara, version 21). The
construction of this model involved adapting a
previously validated pediatric model (Ben Has-
sine, Khier et al., submitted manuscript) to the
adult population. Drug-related parameters were
obtained from literature sources, predicted using
Simcyp models, or estimated based on observed
data from the study population. A detailed over-
view of the drug-related parameters can be found
in Table 1 [29�34].
Source

pubchem.ncbi.nlm.nih.gov [29]

Diestelhorst et al. [34]

Dilo et al. [31]

drugbank.ca [30]

Simcyp predicted

ith
dification

Berezhkovskiy et al. [32]

Parameter estimation using study
cohort and Diestelhorst et al. [34]

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Simcyp predicted

Bredschneider et al. [33]

mg protein Parameter estimation using study cohort.

Study cohort (Supplementary Material S1)

Study cohort (Supplementary Material S1)

PopPK Bootstrap results (Table 2)

in plasma; fut: Fraction unbound in tissue; Km: Michaelis
weight; Vmax: maximum reaction velocity.

http://drugeditor.tucuxi.ch/
http://drugeditor.tucuxi.ch/
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Considering that less than 2% of Bu is elimi-
nated unchanged in urine [6], it was assumed
that the entire elimination of Bu occurs through
hepatic metabolism. The reported KM value for
Bu conjugation with cytosolic enzymes respon-
sible for its metabolization, as previously
described by Bredschneider et al. [33], was
incorporated in the model. However, due to the
inadequacy of the reported in vitro Vmax values
in describing the observed clearance (CL) in
patients, the Vmax value was estimated through
parameter estimation using the observed data.
The fraction of Bu unbound to microsomes was
assumed to be equivalent to the unbound frac-
tion in the tissue. The amount of glutathione
(cofactor) available for Bu conjugation was
assumed to be in excess, and not impacting the
metabolization kinetics [35].

For Monte Carlo simulations and comparison of
PK exposure parameters, 3 different Simcyp virtual
populations were utilized: obese, healthy adults,
and cancer populations. The physiological parame-
ters of the adult cancer population were assumed
to be similar to those of the patient population
under investigation. Single-dose simulations of
0.8 mg/kg ABW infused over 2 hours, were con-
ducted on 10 virtual cohorts, each comprising 10
patients (totaling 100 virtual patients for each pop-
ulation). The model simulations with the virtual
cancer population were validated against observed
data from our cohort, with a comparison of
observed versus simulated concentrations, as well
as the area under the concentration-time curve
(AUC0-1) determined using MAP, and the observed
maximum concentration (Cmax). A geometric mean
fold error (GMFE), defined as the geometric mean
of simulated parameters divided by the geometric
mean of observed parameters, falling within the
range of 0.8 to 1.25, was used as the criterion for
PBPK model validation. Visual assessment of the
concordance between observed and simulated con-
centrations was also performed. Local sensitivity
analyses were performed on different organ vol-
ume scalars (liver, adipose, and plasma) and car-
diac blood output to evaluate their influence on
the disposition of Bu and understand the effect of
obesity on Bu pharmacokinetics.

Further simulations were conducted using
doses of 31 or 29 mg/m2 BSA to explore the poten-
tial of BSA-based dosing in mitigating obesity-
related difference in exposure. After the evalua-
tion of single doses, Multiple doses simulations
regimens were performed, with a focus on 4 times
daily dosing (q6h, every 6 hours), and once daily
dosing (q24h, every 24 hours).
RESULTS
PopPK Model Development and Validation

The dataset included 296 measured Bu plasma
concentrations, none of them being below the
limit of quantification of the analytical methods.
Four concentrations from 4 patients were missing.
A two-compartment model with linear elimina-
tion, zero-order infusion rate and proportional
residual error was the most adequate structural
model to describe our PK data. The model was
macro-parametrized in terms of systemic CL,
intercompartmental clearance (Q), Volumes of
distribution of the central compartment (Vc) and
peripheral compartment (Vp). Vp and its random
variability could not be precisely estimated. Vp

was therefore estimated as a factor of Vc. The the-
oretical allometry of bodyweight for CL, Vc and Q
improved the BIC by 29.52 units compared to the
structural model. An exploration of covariate
effects was performed. The plots of individual
deviations from the population value of parame-
ters (ETA) (Supplementary Material S2) suggested
a significantly lower CL in GSTA1*B haplotype car-
riers (Mann-Whitney test P = .0097), while a trend
of increased CL was observed in patients who
received Cy before Bu (Mann-Whitney test
P = .0611). Other continuous covariates did not
show any trend or correlation with the PK param-
eters’ ETAs (Supplementary Material S2). In step-
wise covariate modeling (Supplementary Material
S3), only GSTA1 genetics (*A*A versus *A*B and
*B*B) significantly decreased the objective func-
tion value (D BIC = - 5.6, D IIV CL = -14 %). The final
model parameters and the bootstrap estimations
are presented in Table 2. The final model esti-
mates suggest that Bu CL was 17% lower in
patients carrying at least 1 *B haplotype (65% of
the study population). The final model parameters
all fell within the 95% confidence intervals of the
bootstrap estimates. The diagnostic plots were
adequate (Figure 1A-D) and showed a good con-
cordance between observed and model predicted
values, and a homogeneous distribution of the
conditional weighted residuals around the iden-
tity line. The VPC plots (Figure 1E-H) displayed an
acceptable correspondence between simulated
and observed values, even when the analysis was
stratified by GSTA1 haplotype. A shrinkage of 25%
for the IIV of Q was accepted as it was below the
critical threshold of 30% [36].
PopPK Model-Based Simulations
The simulation results of the first dose AUC0-1

are displayed in Figure 2, and the simulations-
based probabilities of target achievements are



Table 2
Model Final and Bootstrap Estimates

Parameters Final Estimate (RSE %) Shrinkage 500 Bootstraps (95% CI)

Fixed effects

tvCL in CL = tvCL £ (ABW/70)0.75 13.89 (3) 13.88 (12.89-14.63)

tvVc in Vc = tvVc £ ABW/70 29.80 (8) 29.58 (23.79-33.84)

tvQ in Q = tvQ £ (ABW/70)0.75 27.74 (26) 30.73 (16.88-63.94)

tvVp in Vp = tvVp £ Vc 0.61 (17) 0.61 (0.47-1.01)

GSTA1 *B covariate effect on CL �0.17 (19) �0.16 (-0.23 to -0.07)

Random effects

IIV CL 23 (18) 0.03 23 (11-35)

IIV Vc 21 (32) 0.07 20 (11-29)

CL-Vc correlation 0.58 0.59

IIV Q 75 (30) 0.25 84 (31-137)

Residual error

proportional 0.06 (8) 0.19 0.06 (0.05-0.07)

CL indicates clearance; IIV: Inter-individual variability; Q: Intercompartment clearance; tv: typical value; Vc: central volume
of distribution; Vp: peripheral volume of distribution.
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displayed in Table 3. On the unstratified popula-
tion, the currently recommended doses ie,
0.8 mg/kg, was the one maximizing the probabil-
ity of target achievement (57%). However, when
the population is stratified by their GSTA1 haplo-
type, this conventional dosing resulted in impor-
tant overexposure among patient harboring at
least one *B haplotype, and underexposure in *A
homozygous patients. The most adequate ABW-
based dosage for *A homozygous patients was
0.9 mg/kg as it increased the probability of target
Figure 1. Goodness-of-fit plots (A-D) and visual predictive check
black solid lines represent identity lines, the blue solid lines rep
areas represent the 95% confidence intervals of the simulations’
5th, 50th, and 95th observed percentiles. The black dots represe
stratified by GSTA1 haplotypes.
achievement from 53 % to 60 % in this stratum,
whereas for *B carriers, a dose of 0.75 mg/kg
increased the probability of target achievement
from 58 % to 61 %. BSA based dosing (31 mg/m2)
enables to achieve similar probabilities of target
achievements than ABW base dosing, and similar
trends were observed when adapting the doses to
the genotypes. A dose of 35 mg/m2 increased the
probability of target achievement from 57 % to 61
% in *A homozygous patients, and a dose of 29
mg/m2 increased this probability from 57% to 60%
s (VPC, E-H) for PopPK model qualification. In plots A-B, the
resent the Loess regression. In the plots E to H, the shaded
5th, 50th, and 95th percentiles. The red lines represent the
nt the observed concentrations. Plots F to H are from VPC



Figure 2. PopPK based simulations of dosing based on different body size metrics. ABW: Actual bodyweight; AIBW, Adjusted
ideal bodyweight; IBW: Ideal bodyweight; BSA: Body surface area.

ARTICLE IN PRESS
K. Ben Hassine et al. / Transplantation and Cellular Therapy 00 (2023) 1�15 7
in *B carriers. Nevertheless, using the different
body size metrics and even with doses adjusted to
the genotype of the patients, at least 39 % of the
patients are not predicted to achieve the targeted
exposure, highlighting the need for TDM-based
dose adjustments to harmonize the exposures
among patients.
Limited Sampling Strategy Evaluation and Model
Implementation in Tucuxi

Because we showed in the previous part that
TDM of Bu is necessary for the achievement of the
target of 3.7 to 5.5 mg.h/L, we tested a limited
sampling strategy to facilitate the implementation
of routine TDM. A 2-sample TDM design was pro-
posed by PFIM software, with samples taken at
peak and trough concentrations (at the end and
4 hours after the end of infusion). The plots in
Supplementary Material S4 show a very good con-
cordance between the AUC0-1 predicted with lim-
ited sampling in tucuxi software, compared to full
sampling (Linear regression: R2 = 0.9772; Bland-
Altman: 95% limits of agreement: -7.98% to
6.49%), confirming the suitability of Tucuxi soft-
ware for PK parameter estimation with limited
sets of samples.
PBPK Model Simulations
One of the challenges in our study cohort was

the scarcity of obesity in the dataset (only 1
patient with BMI >30 kg/m2, Supplementary
Material S1) making it difficult to evaluate dosing
strategies in obese patients. For this reason, we
attempted to explore dosing regimens that are
suitable for both obese and nonobese patients
using relevant virtual populations in Simcyp soft-
ware, while exploring physiological and PK differ-
ences between the different virtual populations.
The model simulations in the cancer population
showed an adequate concordance with simulated
concentrations (Figure 3A). Nonetheless, a higher
variability around the peak concentration could
not be entirely described by the model. The GMFE
of AUC0-1 was 0.92 and the GMFE of Cmax was
1.04, both results being within the acceptable
range of 0.80 to 1.25. The PBPK model was thus
validated and ready to be used for further simula-
tions. The simulations with 0.8 mg/kg ABW
showed a higher exposure in the obese population
compared to both cancer and healthy population
(Figure 3B and C). Table 4 shows the difference in
relevant demographic, physiological and exposure
parameters between the three tested virtual pop-
ulations. Despite a higher predicted Bu systemic



Table 3
PopPK Simulation-Based Probability of Target Exposure Achievement (AUC0-1 first dose 3.7 to 5.5 mg.h/L) with Different
Body-Size Based Dosing Regimens

Probability of Target Achievement

Body Size Descriptor Dose Overall *A*A *A*B/*B*B

Actual bodyweight (ABW) 0.65 mg/kg 45% 29% 54%

0.70 mg/kg 51% 38% 59%

0.75 mg/kg 56% 47% 61%

0.80 mg/kg 57% 53% 58%

0.85 mg/kg 55% 57% 53%

0.90 mg/kg 52% 60% 47%

0.95 mg/kg 45% 57% 39%

1.00 mg/kg 40% 56% 31%

25% Adjusted bodyweight (AIBW25) 0.65 mg/kg 39% 28% 46%

0.70 mg/kg 48% 37% 54%

0.75 mg/kg 54% 46% 59%

0.80 mg/kg 57% 53% 59%

0.85 mg/kg 57% 56% 58%

0.90 mg/kg 55% 58% 54%

0.95 mg/kg 51% 57% 47%

1.00 mg/kg 46% 56% 40%

Ideal bodyweight (IBW) 0.65 mg/kg 37% 28% 43%

0.70 mg/kg 45% 36% 51%

0.75 mg/kg 51% 45% 55%

0.80 mg/kg 55% 50% 58%

0.85 mg/kg 57% 55% 58%

0.90 mg/kg 55% 55% 54%

0.95 mg/kg 51% 54% 49%

1.00 mg/kg 46% 53% 43%

ABW, or AIBW25 if BMI > 27 0.65 mg/kg 41% 25% 50%

0.70 mg/kg 48% 34% 56%

0.75 mg/kg 54% 45% 60%

0.80 mg/kg 56% 52% 59%

0.85 mg/kg 56% 56% 55%

0.90 mg/kg 54% 59% 51%

0.95 mg/kg 49% 59% 43%

1.00 mg/kg 44% 59% 35%

Body surface area (BSA) 25 mg/m2 44% 30% 52%

27 mg/m2 52% 40% 59%

29 mg/m2 56% 50% 60%

31 mg/m2 57% 57% 58%

33 mg/m2 55% 59% 53%

35 mg/m2 51% 61% 45%

37 mg/m2 45% 59% 38%

39 mg/m2 39% 55% 30%
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CL in obese patients, probably resulting from an
observed higher liver volume, and higher liver
arterial and portal blood flows due to a higher car-
diac output in obese patients, the obese popula-
tion displays a mean AUC0-1 that is 16 % higher
than that of cancer population and 29 % higher
than healthy population, which is paradoxical
given the known relationship between AUC, dose
and clearance (AUC0-1 = Dose/CL). However, the
obese population displays a lower steady-state
volume of distribution (Vss) which is responsible
the higher observed exposure and peak



Figure 3. PBPK simulations of actual bodyweight (ABW) and body surface area (BSA) single dosing in healthy, obese and can-
cer Simcyp populations. The solid lines represent the mean concentrations, while the shaded areas represent the range
between the 5th and 95th percentiles.
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concentrations in those patients. Several factors
could explain this lower Vss. According to the
results in Table 4, this lower Vss is possibly due to
the increased adipose tissue volume in the virtual
obese population. This was accompanied by a pre-
dicted higher AUC in the adipose tissue. A redistri-
bution from the adipose compartment to the
systemic circulation could explain the increase
exposures in obese patients. The sensitivity analy-
sis results in Supplementary Material S5 shows
that the AUC maintains a relative stability with
increasing body weight when dosing is based on
BSA. Nevertheless, there is a drastic AUC increase
with body weight, when 0.8/mg/kg ABW-based
doses are simulated. Increasing adipocyte tissue
volume scalar, in the cancer virtual population,
decreases Vss while CL is unchanged, explaining
the increase exposure in obese population. When
using a dose of 31 mg/m2, instead 0.8 mg/kg ABW,
the difference in exposure attributed to obesity
was remarkably reduced (Figure 3D and E,
Table 4). A slightly reduced dose of 29 mg/m2 in
the obese population further diminished the dif-
ference in exposure with the healthy virtual pop-
ulation (Figure 3F, Table 4). Our simulations
suggest that BSA-based dosing achieves compara-
ble Bu exposure levels in both obese and nonob-
ese patients.

Table 5 shows the simulated parameters with
multiple BSA-based dosing, for q6h and q24h regi-
mens, both with PBPK and PopPK modeling. Both
models resulted in similar simulated values for
Cmax and AUC0-1. Consistently with the known
first-order elimination of Bu, the cumulative
AUC0-1 was very similar (Identical in PopPK simu-
lations) between q6h and q24h dosing. Approxi-
mately 3 times higher peak concentrations where
obtained when 4 times the q6h dose of Bu is given
once a day.

DISCUSSION
Our study aimed to propose personalized dos-

ing strategies of busulfan (Bu) for adult patients,
conducting top-down and bottom-up PK model-
based simulations. We evaluated different dosing
scenarios based on body size metrics and GSTA1
genotype with the aim of improving the therapeu-
tic window targeting. To further explore Bu dos-
ing strategies in the obese population, we
employed a physiologically-based pharmacoki-
netic (PBPK) model.

Consistent with our previous findings [8], the
presence of the GSTA1*B haplotype had a signifi-
cant impact on Bu clearance. Through the popula-
tion approach, we were able to quantify this
effect, revealing an average of 17% decrease in
clearance (CL) in GSTA1*B carriers. We tested 2
haplotyping strategies in our covariate analysis: 1
based on the single nucleotide polymorphism
-69C/T rs3957357 (*A and *B haplotypes) and the
other using a grouping based on 6 SNPs of the pro-
moter haplotype (*A1, *A2, *B1a, etc.), as



Table 4
Results of Single Dose PBPK Model Simulations with Different Virtual Population

Virtual Cancer Virtual Obese Virtual Healthy In Vivo Cohort (Observed)

BMI (kg/m2) 24.1 (19.3-33.3) 34.6 (31.5-38.1) 24.6 (19.7-34.3) 23.1 (18.4-28.16)

% BMI � 30 kg/m2 (Obesity class I and above) 12% 100% 14% 2%

Liver volume (L) 1.5 (1.2-1.9) 1.7 (1.3-2.2) 1.5 (1.1-2.0)

Liver blood flow arterial (L/h) 18.6 (15.5-22.1) 19.7 (16.3-23.5) 21.5 (17.2-26.6)

Liver blood flow portal (L/h) 57.1 (46.7-67.1) 59.6 (52.7-71.9) 66.7 (54.6-80.08)

Adipose tissue volume (L) 17.7 (3.7-44.8) 42.3 (21.6-61.2) 20.2 (4.5-46.0)

Adipose tissue blood flow (L/h) 16.3 (12.4-24.9) 34.7 (29.4-54.2) 19.7 (14.7-30.1)

Plasma volume (L) 3.7 (2.7-5.9) 3.5 (2.6-4.9) 3.1 (2.4-4.5)

Erythrocytes volume (L) 1.6 (1.1-2.3) 2.1 (1.3-2.8) 1.8 (1.2-2.6)

Hematocrit (%) 36.4 (29.7-45.5) 40.5 (35.0-46.9) 40.5 (35.2-47.2)

Serum albumin (g/L) 39.0 (29.2-49.3) 44.7 (38.0-51.1) 46.3 (39.8-52.3)

Vss (L/kg) 0.58 (0.45-0.71) 0.48 (0.41-0.58) 0.56 (0.44-0.68)

Dose: 0.8 mg/kg ABW Plasma AUC0-1 (mg.h/L) 4.22 (2.63-7.75) 4.91 (3.03-8.64) 3.81 (2.36-7.02) 4.48 (3.10-6.65)

Plasma Cmax (mg/L) 1.06 (0.85-1.37) 1.27 (0.98-1.59) 1.04 (0.83-1.33) 0.98 (0.75-1.49)

Systemic CL (L/h) 14.28 (6.90-22.88) 16.26 (8.80-28.38) 15.27 (7.86-26.32) 12.46 (8.09-21.30)

Mean liver AUC0-1 (mg.h/L) 3.21 3.65 2.96

Mean liver Cmax (mg/L) 0.75 0.84 0.74

Mean adipose AUC0-1(mg.h/L) 0.95 1.10 0.86

Mean adipose Cmax (mg/L) 0.22 0.25 0.21

Dose: 31 mg/m2 BSA Plasma AUC0-1 (mg.h/L) 4.42 (2.55-7.92) 4.27 (2.50-7.08) 4.00 (2.28-7.08)

Plasma Cmax (mg/L) 1.08 (0.86-1.33) 1.04 (0.81-1.29) 1.04 (0.81-1.29)

Systemic CL (L/h) 14.28 (6.90-22.88) 17.24 (8.80-28.38) 15.27 (7.86-26.32)

Mean liver AUC0-1 (mg.h/L) 3.20 3.00 2.90

Mean liver Cmax (mg/L) 0.75 0.69 0.72

Mean adipose AUC0-1(mg.h/L) 0.94 0.91 0.85

Mean adipose Cmax (mg/L) 0.21 0.20 0.20

Dose: 29 mg/m2 BSA Plasma AUC0-1 (mg.h/L) 4.13 (2.38-7.41) 4.00 (2.33-6.71) 3.74 (2.13-6.63)

Plasma Cmax (mg/L) 1.01 (0.80-1.24) 0.97 (0.76-1.21) 0.97 (0.76-1.21)

Systemic CL (L/h) 14.28 (6.90-22.88) 17.24 (8.80-28.39) 15.27 (7.86-26.33)

Mean liver AUC0-1 (mg.h/L) 3.00 2.81 2.72

Mean liver Cmax (mg/L) 0.70 0.65 0.67

Mean adipose AUC0-1(mg.h/L) 0.89 0.85 0.79

Mean adipose Cmax (mg/L) 0.20 0.19 0.19

The results are presented in terms of mean with 5th and 95th percentiles, unless differently indicated. In vivo AUC0-1, Cmax, and CL were generated with Post hoc individual parame-
ter estimation from the developed PopPK model.
ABW indicates Actual body weight, BMI: Body mass index; BSA: Body surface area; Vss: steady-state volume of distribution.
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Table 5
Multiple Doses Simulations with 31 mg/m2/6h for 4 Days of Treatment (Myeloablative Conditioning) with the Developed
PopPK and PBPK Models

q6h: 31 mg/m2 in 2 h Infusion
Per Dose, 16 doses

q24h: 124 mg/m2 in 3 h
Infusion Per Dose, 4 Doses

cAUC0-1 (mg.h/L) Cmax,ss (mg/L) cAUC0-1 (mg.h/L) Cmax,ss (mg/L)

PopPK 75.72 (49.26-110.64) 1.26 (0.90-1.92) 75.72 (49.26-110.64) 3.69 (2.46-4.91)

PBPK
(Cancer population)

70.68 (40.92-126.20) 1.28 (0.92-1.95) 70.85 (40.94-127.11) 3.58 (2.70-4.59)

The results are presented as mean with 5th and 95th percentiles.
cAUC0-1 indicates cumulative area under the curve; Cmax,ss: peak concentrations at steady state.
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previously described by our group, better
explained the IIV in Bu CL among pediatric
patients [15]. This might be attributed to the low
frequency (7%) of rapid metabolizer in this adult
cohort (Supplementary Material S1). The present
analysis showed that the single SNP grouping was
more appropriate in this adult cohort. Further-
more, we observed no difference in clearance
between *B heterozygous and homozygous
patients, indicating that the presence of at least 1
*B haplotype decreased clearance to the same
extent as *B homozygosity. Similar findings were
reported by Choi et al. [14], who found a 15%
decrease in Bu clearance associated with this hap-
lotype in a cohort of Korean adult patients with
various malignant disorders. This altered relation-
ships between genotype and phenotype in adults
and pediatric patients necessitate further investi-
gation in future studies. More recently, a pharma-
cometabolomic analysis by McCune et al. showed
that a multiple linear regression including 13
endogenous metabolomic compounds tested 2
weeks before Bu dose, along with patient sex,
explained 40% of the variation in Bu CL [7].
Whether these metabolomic compounds could
further optimize Bu precision dosing for adults
remain to be evaluated.

PopPK simulations revealed a modest increase
in the probability of achieving therapeutic target
levels after dose adjustment to the GSTA1 geno-
type, making preemptive genotyping unlikely to
be clinically impactful in adult patients. Our simu-
lations indicated that even with adjustment
according to GSTA1 genotype, approximately 40%
of patients would still fail to achieve the therapeu-
tic target exposure range of 3.7 to 5.5 mg.h/L, due
to a remaining unexplained PK variability. More-
over, incorporating different body size metrics
into the simulations did not improve the propor-
tion of individuals reaching target window.
Nguyen et al. [24] suggested adjusted body size
metrics such as adjusted ideal body weight at 25%
(AIBW25) for patients with a BMI above 27 kg/m2

or body surface area (BSA) as the most appropri-
ate metrics for Bu dose calculation in adult
patients. Our results showed that BSA-based dos-
ing results in similar probability of target achieve-
ment compared to ABW-based dosing, suggesting
its utility for nonobese adults, as there is only 1
obese individual in our cohort (Figure 1, Table 3).

The PBPK model enabled us to further explore
Bu dosing strategies for obese patients. BSA based
dosing resulted in similar exposures in obese and
nonobese virtual populations (Figure 3E and F).
Doses of 29 to 31 mg/m2 are appropriate for all
patients, regardless of their BMI. This is in line
with Nguyen et al. simulation results suggesting
that a dose of 29 mg/m2 resulted in appropriate
achievement of target exposure and enable to
achieve similar exposures compared to AIBW25
based dosing [24]. AIBW25 based dosing in the
PBPK simulations was not performed due to the
unavailability of this metric in the software.

Bu doses are commonly adjusted in the case of
obesity among adult patients. Recent surveys
indicate that the majority of transplantation cen-
ters utilize adjusted ideal body weight at 25%
(AIBW25) for Bu dosing in obese adult patients,
typically at a dose of 0.8 mg/kg AIBW25, and ABW
is employed for dosing in nonobese patients [5],
as recommended by the EMA summary of product
characteristics [21] and FDA prescribing informa-
tion [37]. Other strategies reported in these sur-
veys are the use of ideal body weight (IBW), or a
body weight with 40% body fat adjustment
(AIBW40) [5]. The categorization of obese patients
also varies among centers, predominantly based
on BMI or weight above IBW. Surprisingly, 25% of
the centers surveyed do not adjust Bu doses in
obese patients [5].

According to our PBPK simulations, ABW based
dosing in obese patients results in higher expo-
sures and may potentially lead to increased risks
of treatment related adverse events. In accordance
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with this finding, The American Society of Bone
Marrow Transplantation (ASBMT) suggest the use
AIBW25 for both obese and nonobese patients
[22,38]. A study in adults with hematological
malignancies reported that IBW-based dosing
resulted in a larger proportion of subtherapeutic
exposures, and lower progression-free survival in
obese patients [39]. The former highlights the lim-
itation of the use of body weight adjustment,
which could lead to under dosing the patients and
result in subtherapeutic exposure and treatment
inefficacy, especially when TDM is not performed.
Notably, the body surface area (BSA)-based strat-
egy proposed by Nguyen et al. [24] is not used at
all, as indicated by the aforementioned surveys
[5]. This approach yields equivalent exposures
between obese and nonobese populations,
addressing the concerns associated with ABW-
based dosing in obese patients. Consequently,
adopting a fixed BSA-based dosing strategy is sup-
ported by our findings and offers a promising
alternative for optimizing Bu dosing in all
patients, regardless of their obesity status (Table 3,
Figure 2E, Figure 3D and E).

Multiple studies have highlighted the relation-
ship between Bu exposure and various clinical
outcomes, such as event-free survival, overall sur-
vival, treatment-related toxicities, and mortalities
[40�44]. Despite this, there is still a scarcity of
evidence from well-designed prospective ran-
domized studies that strongly support the superi-
ority of therapeutic drug monitoring (TDM)
guided Bu dosing in the adult population [5]. In a
randomized study conducted by Andersson et al.,
the superiority of TDM guided Bu over fixed dos-
ing was demonstrated. This approach resulted in
lower relapse risk, lower treatment-related mor-
tality, and significantly improved overall survival
and event-free survival compared to fixed doses
of 130 mg/m2/day (32.5 mg/m2/6h) [45]. Never-
theless, further studies of similar nature are
required to justify the widespread adoption of Bu
TDM in adults. A recent meta-analysis conducted
by Chen et al. not only revealed that TDM-guided
Bu is more effective and safer, but also highlighted
its cost-effectiveness compared to fixed dosing
[46]. However, the survey by Ruutu et al. reported
that only a small percentage of EBMT reporting
transplantations centers perform TDM in Bu MAC
conditioning [5]. This can be attributed to the lack
of clear recommendations and the limited evi-
dence demonstrating the superiority of TDM-
guided Bu dosing in adults [22]. Other possible
explanations could be the difficulty of TDM due to
limited of access to TDM laboratories, or the lack
of expertise for PK estimation and interpretation.
Hence, we established an LSS for accurate model-
based estimation AUC using only two sampling
time points, and implemented the model to a
user-friendly software, which could facilitate the
feasibility of Bu TDM. Bu’s Dose individualization
based on the TDM of test doses have been
highlighted as advantageous in terms of therapeu-
tic target achievement and reduction of exposure
variability, compared to weight-based dosing
[47,48]. Model-based Bayesian forecasting with
LSS is also useful for the accurate estimation of
the PK parameters of test-doses, while avoiding
extensive sampling [49]. Our model can be used
for that purpose with the help of the user-friendly
TDM software and the validated limited sampling
strategy.

In the review and position statement of the
ASBMT, it was stated that dosing regimens of Bu
requiring 12 mg/kg per-os equivalent are recom-
mended to have “PK targeting as appropriate for
the disease state” [38]. Bu regimens with myeloa-
blative doses fall within this category. However,
this recommendation does not clearly specify
when and how this “PK targeting” should be per-
formed. In the more recent recommendation
paper from the same society, no clear recommen-
dation was issued for TDM in MAC regimens.
Nonetheless, the TDM for reduced intensity regi-
mens was considered not necessary [22], as it was
stated that TDM is considered only for high dose
Bu, and when the regimen was developed with
BU TDM. The lack of clear recommendation could
be due to the heterogeneity of the published stud-
ies and their small sample sizes [22]. Interestingly,
The “Soci�et�e Francophone de Greffe de Moelle et
Th�erapie Cellulaire” (SFGM-TC) recommends Bu
TDM for adults, if Bu is administered orally, in
case of severe hepatic impairment, in obese
patients (BMI> 30 kg/m2), or in second allogeneic
transplantations [50]. Overall, while some studies
have indicated the benefits of TDM-guided Bu
dosing, there is a need for more extensive
research and well-designed prospective studies to
establish its superiority and guide clinical practice
recommendations effectively. Our study supports
the relevance of TDM of MAC Bu at least for expo-
sure target attainment. Whether a better targeting
of the therapeutic window will be translated into
improved outcomes remains to be further proved,
despite the current evidence [45].

As previously mentioned, the study had a limi-
tation due to the small number of obese patients
included. Given the growing prevalence of obesity
in several countries, we recognized the
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importance of exploring this aspect, even in the
absence of in vivo data. Therefore, we conducted
an in-silico evaluation of Bu dosing for obesity
using the physiological parameters of the virtual
populations of the Simcyp software. It would be
beneficial to prospectively evaluate the BSA-based
dosing strategy coupled with TDM. Another limi-
tation of the study was the lack of measurements
of Bu concentrations in multiple dosing occasions,
which hindered the analysis of inter-occasion vari-
ability. In a study by Langenhorst et al. [51], the
authors developed a semimechanistic model to
understand the dynamics of glutathione depletion
in adult patients, the significance of which
increased with age after 40 years of age. This inter-
occasion variability may require TDM on multiple
occasions to ensure an accurate targeting of cumu-
lative exposures. It is worth noting that the gluta-
thione reservoir may also differ between obese and
nonobese populations [52], although this aspect
was not evaluated in the present analysis.
CONCLUSIONS
In conclusion, this analysis confirmed the

impact of GSTA1 variants on Bu CL. The potential
clinical impact of the adjustment of the starting
dose to the GSTA1 genotype of the patient seems
to be modest. BSA based dosing (29 to 31 mg/m2/
6h) can be reliably applied in all patients, regard-
less of their body mass index. Our study shows
the importance of TDM in achieving the therapeu-
tic target AUC window of 3.7 to 5.5 mg.h/L. We
hypothesize that TDM could have an important
clinical impact in adult HSCT, despite its acrace
utilization in these patients. Further randomized
studies should assess the clinical utility of TDM-
based dose adjustments compared to fixed dosing.
The findings from this study may have important
implications for improving therapeutic outcomes,
and minimizing the risk of toxicity and nonrelapse
mortality in adult patients undergoing HSCT with
myeloablative (MAC) Bu conditioning treatment.
The routine implementation of TDM for MAC Bu
conditioning has the potential to optimize drug
exposure, and ultimately improve and harmonize
patients’ outcomes.
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