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Abstract

We aimed to review the pharmacokinetics (PK) of intravenous busulfan in paediatric patients, identify covariate factors
influencing exposure, investigate evidence of changes in PK behaviour over time, and correlate exposure with efficacy and
toxicity outcomes. A literature review was undertaken of original research published between 2007 and 2019, investigating
the PK and pharmacodynamics (PD) of intravenous busulfan in patients < 18 years of age. The review identified 41 publica-
tions characterising the PK, and 45 publications describing the PD, of busulfan. Median typical clearance (CL) was 0.22
L/h/kg and median typical volume of distribution was 0.69 L/kg. Patient weight, age, glutathione-S-transferase A1 (GSTA1)
genotype and busulfan dosing day/time were the most commonly identified factors affecting CL. Of nine studies investigating
changes in CL, seven reported reduced CL over the 4-day course of treatment. Exposure monitoring methods and therapeutic
targets were heterogeneous across studies. Relationships between busulfan exposure and patient outcomes were observed in
five studies. One study observed a cumulative area under the concentration-time curve over all days of treatment of between
78 and 101 mg/L-h, and two studies observed an average concentration at first dose of <600 ng/mL improved overall sur-
vival, transplant-related mortality, or relapse. One study observed increased sinusoidal obstructive syndrome with maximum
busulfan concentration > 1.88 ng/mL. Patient weight, age and GSTA1 genotype are important covariates to consider when
individualising busulfan therapy. Reduced busulfan CL over time may need to be accounted for, particularly in patients not
receiving phenytoin co-therapy. Standardised monitoring of busulfan exposure over the entire course of treatment and further
investigation of the role of busulfan metabolites and pharmacogenomics is warranted.

1 Introduction

Busulfan is a bifunctional alkylating agent commonly used
in haematopoietic stem cell transplant (HSCT) condition-
ing regimens. Paediatric patients with both malignant and
non-malignant conditions can benefit from HSCT where
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A large proportion of studies have estimated cumula-
tive busulfan exposure across all days of treatment from
drug measurements taken on day 1 only, assuming linear
pharmacokinetic (PK) behaviour. Clearance (CL) of
busulfan decreases over the course of treatment, there-
fore exposure targets in the current literature may not
accurately reflect actual exposure attained in patients.
Harmonisation of exposure monitoring practices and fur-
ther studies that either measure busulfan exposure over
the entire course of treatment or validation of Bayesian
forecasting programmes to estimate cumulative exposure
from less intensive sampling are required to establish
appropriate exposure—outcome relationships.

It is imperative that clinicians are aware of the time-
dependent PK (decreased CL over the course of treat-
ment) exhibited by busulfan and the variability of
exposure observed between occasions, and consider this
when making recommendations for dose adjustments for
patients. Exposure monitoring should be repeated fol-
lowing any dose change. Reducing future doses should
be considered if exposure is close to the upper limit of
the therapeutic target.

Pharmacogenomic differences and busulfan metabolites
may both play key roles in influencing the PK and phar-
macodynamics (PD) of busulfan, and may affect patient
outcomes, in particular the incidence of sinusoidal
obstructive syndrome. Both could be further investigated
through population PK/PD modelling.

Busulfan may be metabolised through conjugation with
glutathione, primarily via glutathione-S-transferase Al-1
(GSTA1-1) [12]. This conjugate may then be converted via
cystathionine gammalyase (CTH), to tetrahydrothiophene
(THT) and y-glutamyldehydroalanylglycine (EdAG). EdAAG
condenses with glutathione to form a non-reducible ana-
logue of glutathione disulfide (GSG), essentially trapping a
glutathione molecule since it cannot be recycled [13]. EdAG
may contribute to the toxicity of busulfan as it competes
with glutathione for binding with GST enzymes, contributes
to non-reducible glutathionylation of proteins [14-16] and
decreases glutathione levels within the cell [13]. Busulfan
decreases hepatic glutathione by 60% in vivo and by 95%
in a cell that is already depleted in glutathione, resulting
in increased cellular toxicity [17]. Another busulfan sul-
fonium ion conjugate is metabolised through the mercap-
topurate pathway and converted to THT via CTH [11]. THT
is thought to be actively transported into liver cells via an
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ATP-binding cassette (ABC) transporter. In the liver, THT
is largely oxidised by flavin-containing monooxygenase-3
(FMO3) or through multiple cytochrome P450 (CYP) path-
ways (e.g. CYP2C9, CYP2C19 and possibly CYP39A1)
[12]. Approximately 30% of the busulfan dose is excreted
into the urine within 48 h, mainly as metabolites, <2% is
excreted in the urine unchanged, and negligible amounts are
recovered in faeces [18]. Busulfan rapidly distributes into the
cerebrospinal fluid and similar exposure is achieved at this
site as in plasma [19]. A number of coadministered medica-
tions may interfere with the metabolism of busulfan. Agents
of primary interest include acetaminophen, phenytoin, met-
ronidazole and azole antifungals, as they are commonly
used during HSCT and are known substrates, inducers and/
or inhibitors of enzymes involved in busulfan metabolism.
Some suggest that busulfan clearance (CL) may decrease
over a 4-day treatment course [20]. Glutathione deple-
tion may explain the time-dependent decrease in busulfan
CL, particularly in adults > 40 years of age; in children a
decrease in clearance over time of 8-15% has been observed
[21, 22], however the impact of glutathione depletion has not
yet been explored [23].

Busulfan is a highly toxic drug with a narrow therapeu-
tic window [24-28]. Exposure monitoring is routinely per-
formed during busulfan treatment to optimise drug expo-
sure and improve treatment outcomes [2]. In a prospective,
randomised study, PK-guided dosing of intravenous busul-
fan was shown to be superior to fixed-dose body surface
area (BSA) dosing for adults with acute myeloid leukaemia
and myelodysplastic syndrome, resulting in a reduction
in relapse (38% vs. 56%) and transplant-related mortality
(TRM; 24% vs. 39%), and an overall hazard ratio (HR) of
0.64 (95% confidence interval [CI] 0.35-0.94) [29]. Busul-
fan exposure is estimated using various indices, including
the area under the concentration-time curve (AUC) over the
dosing interval (AUC . inervar)> the AUC over a 24 h period
(AUC,,), cumulative exposure following all doses (AUC,,,,)
and average concentration at steady-state (Css,,,) either over
the course of treatment or for a particular dose (see Table 1
for comparison values). AUC g intervaiy AUCcym and Css,,
targets were originally proposed for 6-hourly oral or intrave-
nous busulfan administration and have been extrapolated for
use with once-daily intravenous administration [21, 30, 31].

Model-informed approaches, including the population
PK/pharmacodynamic (PD) approach, provide a rationale
to precise dosing for an individual and are increasingly being
integrated into clinical decision-making tools [32]. Popula-
tion models can assist with initial dose selection and can
be applied in a Bayesian forecasting programme for subse-
quent dose adjustment [32]. The optimal therapeutic target
of busulfan may depend on multiple factors, such as disease
status, relapse risk, concomitant chemotherapeutic agents
and the extent of the intended bone marrow suppression.
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Fig.1 Diagram illustrating the distribution, metabolism and elimina- containing monooxygenase-3, CYP cytochrome P450, ABC ATP-bind-
tion of intravenous busulfan. CTH cystathionine gamma lyase, GST glu- ing cassette transporter, THT tetrahydrothiophene, --- oval (grey) indi-
tathione-S-transferase, DPEP dipeptidase, GGT gamma-glutamyl trans- cates cytotoxic moiety, - rectangle indicates metabolite, ----rectangle
ferase, NAT N-acetyltransferase, EdAG y-glutamyldehydroalanylglycine, indicates co-factor, black arrow indicates transport into/out of cell, grey
GSH glutathione, GSG EdAG gluthathione conjugate, FMO3 flavin- curved arrow indicates step in the metabolism process
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There is a lack of consensus on how best to perform expo-
sure monitoring to improve outcomes and reduce toxicity,
therefore a review of the literature would be helpful.

Thus this review aims to (1) summarise the PK of intrave-
nous busulfan in paediatric patients; (2) identify important
covariate factors that influence busulfan exposure; (3) report
evidence of time-dependent PK behaviour; and (4) summa-
rise the PD of intravenous busulfan in paediatric patients
by examining the relationship between exposure monitoring
targets and efficacy and toxicity outcomes.

2 Methods
2.1 Structured Literature Review

A literature search was conducted in April 2020 using the
MEDLINE, PUBMED, EMBASE and OVID databases
based on the following search terms: ‘busulfan’ OR ‘busul-
phan’ [AND ‘paediatric OR pediatric’], [AND ‘pharmaco-
dynamic’], [AND ‘Paediatric OR Pediatric’ AND ‘phar-
macokinetics’], [AND ‘paediatric OR pediatric’, AND/
OR ‘outcomes’, AND/OR ‘survival’, AND/OR ‘toxicity’,
AND/OR ‘target’, AND/OR ‘exposure’, AND/OR ‘popula-
tion pharmacokinetic model’, AND/OR ‘metabolism’]. The
search was restricted to studies described in English and
published since the last literature review in this area in 2007
[33]. Reference lists were reviewed to retrieve additional
articles. Studies were included in the review if they fulfilled
the following criteria: (1) >50% of patients received intra-
venous busulfan, with a minimum of five patients involved;
and (2) more than 50% of patients were <18 years of age,

and (3) PK parameters and/or exposure monitoring target
range with outcome data were adequately described. After
removing duplicates, the titles and abstracts of articles were
screened, and full-text versions of relevant articles were
subsequently retrieved and reviewed to confirm eligibility.

2.2 Data Extraction

Information on study design, participant demographics,
busulfan dosing regimens, PK sampling schedules, PK
parameter estimates, and exposure targets aimed for and
achieved, as well as patient outcomes associated with effi-
cacy and toxicity, were extracted. Typical values for busulfan
PK parameters, including CL and volume of distribution
(Vd), as well as intraindividual variability (IIV) and interoc-
casion variability (IOV) associated with these parameters
and any change in PK parameters over the course of treat-
ment, were noted. Busulfan exposure targets were recorded,
including Css,,, AUC josc interva, AUC,4 0r AUC,,. Patient
outcomes recorded included overall survival (OS), event-
free survival (EFS), TRM, relapse, sinusoidal obstructive
syndrome (SOS), acute graft-versus-host disease (aGVHD),
seizures and lung toxicity. The definition of each outcome as
provided in the individual study was carried forward. Data
on the HR, odds ratio (OR) and relative risk (RR) associated
with outcomes were also collected as available. Population
PK models were examined for method of validation, predic-
tive value and the final equation used for CL, and these were
tabulated.

cum*

Table 1 Busulfan exposure index and values equivalent to cumulative exposure of 78—-101 mg/L over a 4-day course

Exposure measure Explanation

Value equivalent to AUC_,,, between 78 and
101 mg/L-h

AUCq
AUC,,
daily
AUC,,,
Css Exposure/time interval

Equation to convert AUC in mg/L-h to pmol/L-min:

AUC(mg/L~h)

mol; . in) =
AUC(H " mm) = ( e >>< 1000 x 60

Exposure following one dose administered once

Cumulative exposure over the treatment course

Exposure following one dose administered 6-hourly 4.9-6.3 mg/L-h OR 1164-1535 pmol/L-min

19.5-25.25 mg/L-h OR 4750-6151 pmol/L-min

78-101 mg/L-h OR 19,001-24,604 pmol/L-min
812.5-1050 ng/mL

Equation to convert an exposure measured as AUC in mg/L-h to Css in ng/mL:

mg, .
AUC( /I—’ h)limc interval (h)

X 1000

Time Interval (h)

Css("8L) = (

AUC area under the drug concentration versus time curve, AUC4; AUC from 0 to 6 h postdose, AUC,, AUC from 0 to 24 h postdose, AUC,

cum

cumulative AUC following all days of treatment, Css concentration at steady state.
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2.3 Analysis

PK and PD data were extracted from studies and tabulated.
Descriptive statistics were used to summarise information on
study features. Reported CL values were converted to L/h/
kg and Vd values were converted to L/kg to aid comparison.
Reported PK exposure targets were converted to AUC_ if
reported as Css,y,, AUC,, or AUC o interval Using Egs. 1,
2, or 3, respectively, and converted to mg/L-h for compari-
son; those studies reporting AUC,,, required no conversion.
Relationships between the exposure target, actual exposure
attained, and patient outcomes were examined together with
patient demographic and clinical features.

studies did not report the agent used, and some studies were
included several times as they reported the use of a mixture
of agents.

Busulfan dose was based on patient age in 13 (32%) stud-
ies, patient body size (either weight descriptor or BSA) in
10 (24%) studies, a mixture of both in 5 (12%) studies, a
mixture of test dose or body size in 2 (5%) studies, a stand-
ard dose for all patients in 3 (8%) studies, according to
the results of a test dose in 4 (9.5%) studies, and was not
recorded in 4 (9.5%) studies. Busulfan dose was calculated
based on patient weight (mg/kg) in 27 (66%) studies, BSA
(mg/m?) in 5 (12%) studies, a mixture of both in 5 (12%)
studies, and was not recorded in 4 (10%) studies. In terms

AUC,,,, (mg/L - h) = Css,,, (mg/L) X [24 X Number of days of therapy ], (D
AUC,,, (mg/L -h) = AUC,_,, (mg/L - h) X [Number of days of therapy], (2)
AUC,,,, (mg/L - h) = AUC_jose interval (Mg/L - h) X [Number of doses administered]. (3)
3 Results of exposure monitoring 17 studies (41%), included sam-

3.1 Studies Reviewed

Forty-one publications were identified characterising the
PK, and 45 publications characterising the PD, of busulfan.
Electronic supplementary Fig. 1s describes the steps in study
selection.

3.2 Pharmacokinetics (PK) of Intravenous Busulfan

The dosing protocol and study design associated with stud-
ies examining the PK of busulfan is provided in electronic
supplementary Table 1s. Twenty-four studies (59%) used
retrospective data, 12 studies (29%) used prospective data,
2 studies (5%) used both types of data, and the remaining
3 studies (7%) did not report their data source. Twenty-two
studies (54%) were based on four-times-daily dosing of
busulfan, eight studies (19.5%) were based on once-daily
dosing, three studies (7%) were based on twice-daily dos-
ing and the remaining studies (19.5%) involved a mixture of
dosing regimens. Participant numbers varied from 5 to 1610
patients, with a median of 52 per study. Median patient age
was 5.6 years and medians from studies ranged from 0.48
to 13 years. Two studies focused on young children and had
a mean cohort age <1 year [22, 34]. The majority of stud-
ies (57%) combined patients with and without malignant
conditions. Benzodiazepines, phenytoin or fosphenytoin,
levetiracetam and sodium valproate were used for seizure
prophylaxis in 16, 13, 4 and 1 studies, respectively; 17 (41%)

ples that were mainly (>80% of patients) taken following
the first dose only. Thirty-six studies (88%) reported the
exposure target used for monitoring. Of these studies, AUC
dose interval Was reported in 18 (50%) studies, AUC,,,, was
reported in 3 (8%) studies, Css,,, Was reported in 11 (31%)
studies, and a combination of AUC . interval a0d AUC .,
was reported in 4 (11%) studies. The majority of studies
targeted exposure within a predefined range, however 7 stud-
ies [6, 9, 21, 34-37] utilised target concentration interven-
tion and aimed for a single specific AUC . ;nierval OF AUC
cum value. Following conversion to AUC,, (electronic sup-
plementary Table 1s), the median minimum AUC,, target
reported across all the PK studies was 15 mg/L-h (range
12.5-22.5) and the median maximum AUC,, target was 21.6
mg/L-h (range 15-37). When converted to an AUC,_,,, value,
reported busulfan exposure targets ranged from 57.6 to 148
mg/L-h over a 4-day course (excluding reduced intensity
conditioning regimens) [electronic supplementary Table 1s].

3.2.1 PKParameters

To estimate PK parameters, a population modelling approach
was applied in 21 studies (51%), 11 studies (27.5%) used a
non-compartmental approach, 8 studies (19%) used a com-
bination of approaches, and 1 study (2.5%) did not report
the approach used. Of those using a population modelling
approach, 16 studies (76%) characterised busulfan disposi-
tion using a one-compartmental model, and 5 studies (24%)
used a two-compartment model. Seven population PK
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models were externally validated (Table 2) [20, 21, 38—42]
and all were considered to have adequate predictive value.
Key PK parameter values for each study are summarised
in Table 2. Median typical CL reported using a population
modelling approach was 0.22 L/h/kg (interquartile range
[IQR] 0.20-0.24). Estimated IIV on CL ranged from 13.3
to 28% (estimated in 18 studies) and IOV on CL ranged
from 3.9 to 16% (estimated in 14 studies). The median typi-
cal Vd when using a one-compartment model was 0.69 L/
kg (IQR 0.64-0.71). Based on a two-compartment model,
median typical Vd of the central compartment (V1) was 0.52
L/kg (range 0.22-0.73) and of the peripheral compartment
(V2) was 0.33 L/kg (range 0.11-0.54). One study, that solely
included young children [22] reported a median Vd of 0.8 L/
kg and another observed a median Vd of 0.77 L/kg in chil-
dren aged < 1 year [43]. Estimated IIV on Vd ranged from
7 to 65% (estimated in 18 studies) and IOV on Vd ranged
from 6.1 to 26.3% (estimated in 5 studies).

3.2.2 Covariates that Affect the PK of Busulfan

Patient body weight, age, GSTA1 genotype and busulfan
dosing day/time were most commonly found to have a sig-
nificant influence on busulfan CL across multiple studies
(Table 2, Fig. 2a). Other covariates identified as having a
significant effect in at least one study were patient ideal
body weight (IBW), postmenstrual age (PMA), fat-free mass
(FFM), BSA, liver function tests (LFTs), and prior admin-
istration of fludarabine. Vd was commonly described allo-
metrically in terms of patient body weight, however some
studies used other body size descriptors, including BSA,
IBW and FFM (Fig. 2b). Vd was reported to be larger in
children <1 year of age (0.77 + 0.24 vs. 0.64 + 0.11 L/
kg, p =0.04) and children <4 years of age (0.73 + 0.18 vs.
0.64 +0.11 L/kg, p = 0.001) compared with children older
than 4 years of age in one study [43].

Patient size, particularly actual body weight, was the most
common covariate identified as influencing the CL of busul-
fan. Eleven studies applied allometric scaling for weight on
CL using varying exponents. McCune et al. suggested that
the biologically effective body size determining CL is pro-
portional to FFM plus 51% of fat mass, whereas for Vd it is
proportional to FFM plus 20% of fat mass [38]. A matura-
tion function to describe changes in drug CL with age was
applied in several studies [8, 20, 22, 38]. The function used
and the estimated patient age at which busulfan metabolism
reached adult levels varied across studies. Long-Boyle et al.
reported a bell shape trend in CL, with it increasing up to the
age of 12 years then decreasing to adult levels [20]. McCune
et al. suggested that busulfan CL reaches 50% of adult levels
at 46 weeks PMA and that busulfan CL, scaled to normal
fat mass, is 95% of adult levels at 2.5 years postnatal age
[38]. Savic et al. used an age-dependent nonlinear function
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to describe the maturation of CL and suggested that CL
increases 1.7-fold between 6 weeks to 2 years of life [22].

One study described a decrease in busulfan CL with
increasing alanine-S-transferase (AST) values [9], and
another increased exposure on the first day of treatment
when acylcarnitine, phenylacetylglutamine (both signs of
liver damage) or deferoxamine were present in urine [44];
however, a further seven studies investigating varied liver
function biomarkers found no significant impact [20, 21,
31, 40, 45-47]. Three studies reported that elevated ferritin
concentrations (a sign of liver dysfunction) had no signifi-
cant impact on busulfan CL [9, 40, 45], while another small
non-population PK study reported that patients with ferritin
concentrations > 1000 ng/mL prior to HSCT had reduced
busulfan CL compared with patients with lower ferritin lev-
els (0.334 L/kg/h and 0.432 L/kg/h, respectively) [6].

Nine studies reported that polymorphic expression of
metabolic enzymes influenced busulfan CL (Table 2) [8,
45, 48-54]; enzymes explored include GSTA1, GSTM1,
GSTT1, GSTP1, CYP39A1, ABCB4, CYP2C219, SLC7AS,
SLC22A4. Of four population PK models investigating glu-
tathione-S-transferase A1 (GSTA1) genotype as a covariate,
all but one [37] reported reduced busulfan CL in patients
expressing the GSTA1*B allele compared with the wild-
type genotype GSTA1*A/*A [8, 45, 48]. The reported
reduction in CL in patients with the GSTA1*B allele versus
wild-type genotype ranged from 10% to 30% across these
studies. One study identified four GSTA1 diplotype groups
that significantly affected CL [49]. Nava et al. reported that
GSTAI rapid metabolisers had a 7% increased CL and poor
metabolisers a 12% reduced CL compared with normal
diplotypes [8]. Ten Brink et al. reported that both GSTA1
and CYP39A1 genotypes were associated with busulfan
CL and both haplotypes together could account for up to
17% of the variability in this parameter [50]. In this study,
patients who were heterozygous for GSTA1*A/*B had an
8% lower busulfan CL compared with wild-type GSTA1
patients, and homozygous *B/*B patients had a 26% lower
CL [50], while patients who were carriers of one of the
variant CYP39A1*TC alleles had a 13% lower CL and
homozygous patients had a 17% lower CL compared with
CYP39A1*WT/*WT patients [50]. The effect of GSTA1
haplotype on CL may be dependent on age, with the GSTA1
haplotype having a larger influence in younger children in
this study [50].

The impact of the condition being treated and associated
concomitant medications on busulfan PK is still unclear. Six
population PK studies found no significant difference in the
PK of busulfan in children with malignant conditions com-
pared with those without [7, 37, 38, 40, 55, 56] (Table 2,
Fig. 2a). Coadministration of fludarabine was reported to
result in a reduction in busulfan CL in two studies, ranging
from 6% [46] to 30% [40]. However, a third study did not
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Fig.2 Covariate effects tested as having an influence on a busulfan
CL (left hand panel) and b busulfan Vd (right hand panel) in popu-
lation pharmacokinetic models. Covariates were either not included
(dark shade) or included (light shade) in the final model, with the

find any significant effect of the conditioning regimen on
busulfan PK [56].

3.3 Evidence of Changes in Busulfan Clearance
over the Course of Treatment

Nine studies examined whether there was any change in
busulfan CL over the course of treatment (Table 3); seven
(78%) documented a decrease in CL over 4 days of therapy
ranging from 8.1 to 20% compared with CL on day 1 of ther-
apy [9, 20, 38, 45, 51, 56, 57], whereas two (22%) studies
did not identify any significant change [31, 39]. One study
incorporated a Michaelis—Menten equation within their
population PK model to explain the non-linearity observed
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-1@ Blood Urea Nitrogen

-1@ Seizure Prophylaxis Agent

SuoILIRIU|
3nJq

Malignancy vs
2. Non-malignancy

number of studies associated with each outcome shown in the figure.
BSA body surface area, CrCl creatinine clearance, GST glutathione-
S-transferase (A1, T1, M1, P1 variants)

[20]. Of the seven studies observing a decrease in CL over
the course of treatment, four studies reported on patients
using once-daily dosing schedules, while the two studies
observing no change in CL over the course of treatment had
smaller patient numbers and both were based on four-times-
daily dosing [31, 39].

3.4 Pharmacodynamics of Intravenous Busulfan
in Paediatric Patients

Table 4 provides a summary of the dosing protocol, study
design and outcome data from the 45 studies that examined
the PD of intravenous busulfan in paediatric patients. The
number of participants varied, with a median of 47 (range
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Table 3 Summary of pharmacokinetic studies that examined whether busulfan clearance changed over the course of treatment

Primary author, year

No. of patients

Clearance change over
treatment course

Dose(s) frequency

Dose(s) with sampling

Seizure prophylaxis

Bartelink, 2012 [21] 245 CL on day 1 was 12%
higher compared
with subsequent days
(» <0.001)

Gaziev, 2010 [45] 71 20% decrease in CL on

Kawazoe, 2018 [57]

Lee, 2012 [51]

Long-Boyle, 2015 [20]

McCune, 2014 [38]

Nguyen, 2008 [39]

Rhee, 2017 [9]

Vassall, 2008 [31]

54 [28 paediatric]

24

MD: 90
V:21

1610

MD: 24
V: 55
137

55

subsequent days com-
pared with day 1

12% decrease in CL on
subsequent days com-
pared with day 1

CL on last day sig-
nificantly different
decrease compared
with first day
(p =0.001)

Concentration-depend-
ent metabolism:
Km = 6.7 mg/L,
Vinax = 29 mg/h. CL
decreased up to 20%
when concentrations
were between 0.25
and 2 mg/L

Compared with CL esti-
mated at 0—6 h post-
dose, CL estimated at
6-36 h postdose was
6.8% lower, and from
36-83 h postdose was
8.1% lower

No significant change in
CL observed

CL on days 2, 3, and 4
decreased by 5.5%,
13.1%, and 8.1%,
respectively, com-
pared with day 1

No significant change in
CL observed

QID, BID AND OD

QID over 4 days

QID over 4 days

OD over 4 days

QID over 4 days

QID, TDS, BID, OD

QID over 4 days

OD over 4 days

QID over 4 days

NR

Dose 1, 5,9, 13

Dose 1, 9,13

First four patients: days
1 and 4

Next 20 patients: all
days

MD: Test and first dose,

V: Third dose, then at
dose 7 and 11 in some
patients

NR

Dose 1,9 and 13

NR

Dose 1,9 and 13

Clobazam, clonazepam,
diazepam, phenytoin

Sodium valproate

Majority of patients tak-
ing clonazepam (some
phenytoin)

NR

Levetiracetam or loraz-
epam

NR

NR

NR

Clonazepam

BID twice daily, CL clearance, Km Michaelis—Menten constant, MD Model Development Group, NR not recorded, OD once daily, QID four

times daily, 7DS three times daily, V Validation Group,

max

Vv _ maximum rate of metabolism

6—1781) per study. Median patient age was 7.4 years (range
of median ages 0.5-12.8). Thirty-six (80%) studies solely
utilised intravenous busulfan therapy, with the remaining
nine (20%) studies including some patients who received
busulfan orally. Twenty-one (47%) studies were based on
four-times-daily dosing, eight (18%) were based on once-
daily dosing, two (4%) were based on twice-daily dosing,
eight (18%) were based on a mixture of dosing regimens,
and six (13%) did not record this information.

3.4.1 Exposure Targets and Estimation

There was marked heterogeneity across the studies on
how exposure monitoring was performed, how exposure
was calculated, and which target was aimed for (Table 4).
Busulfan exposure targets included Css,,,, AUC,,, AUC
«um and median AUC per dose over the course. Median
reported observed results across all studies for each expo-
sure matrix were Css,dwg 652 ng/mL (n = 7; range 577-750);
AUC,, 19.8 mg/L-h (n = 6; range 16.0-21.9); AUC_,,
(excluding reduced intensity conditioning regimens)
74.8 mg/L-h (n = 6; range 74.0-91.0); and median AUC
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Table 5 Publications that examined busulfan exposure versus patient outcome

Primary author, year Dosing schedule {% IV}

Dose(s) with sampling Groups HR

Cllow CIlhigh p value

Overall survival

Ansari, 2014 [58] QID 4 days {100} Dose 1%, Dose 5°

Benadiba, 2018 [59] QID 4 days {100} Dose 1

Bartelink, 2016 [24] OD (40%), QID (48%), NR
other (12%) {100}

Transplant-related mortality

Bartelink, 2016[24] OD (40%), QID (48%), NR
other (12%) {100}

Relapse

Bartelink, 2016 [24] OD (40%), QID (48%), NR

other (12%) {100}

Sinusoidal obstructive syndrome

Bartelink, 2014 [4]  OD 4 days {100} Dose 12, Dose 4°

Philippe, 2018 [60]  OD 4 days (3.4%), BID 4
days (0.4%), QID 4 days

(96.3%) {100}

Dose 1

Css,,, first dose: < 600 ng/ 1 1 1
mL

Css,, first dose: > 600 ng/ 7.55 22 25.99 0.001
mL

Css,, first dose: < 600 ng/ 1 1 1
mL

Css,,, first dose: > 600 ng/ 5.2 126 215 0.02
mL

Median AUC,;: <78 1 1 1
mg/L-h

Median AUC,,,: 78-101 0.71 053 094 0.016
mg/L-h

Median AUC,,: > 101 1.03 0.63 1.68 0.915
mg/L-h

Median AUC,;: <78 1 1 1
mg/L-h

Median AUC,: 78-101 1.07 0.61 1.89 0.816
mg/L-h

Median AUC,: > 101 2.99 1.82 492 < 0.001
mg/L-h

Median AUC,,,;: <78 1 1 1
mg/L-h

Median AUC,,: 78-101 0.57 039 0.84 0.004
mg/L-h

Median AUC,: > 101 0.41 0.14 1.17 0.094
mg/L-h

Median AUC_,,, (Bu/Cy): 1 1 1
78 mg/L-h

Median AUC,, (Bu/Flu):  0.05 0 0.4 0.005
91 mg/L-h

Cpax: > 1.88 ng/mL RR 6 NR NR < 0.001

Percentage time spent > OR 2.05 NR NR 0.003

1300 ng/mL

AUC,

cum

val, C,,,, maximum concentration, Ci,,,

cumulative exposure measured by the area under the concentration versus time curve, BID twice daily, Bu busulfan, CI confidence inter-
average steady-state concentration, Cy cyclophosphamide, Flu fludarabine, HR hazard ratio, IV intrave-

nous, NR not recorded, OD once daily, OR odds ratio, QID four times daily, RR relative risk

2All patients
Some patients

“Increased due to graft failure

dose.interval fOT four-times-daily dosing 4.4 mg/L-h (n = 10;
range 3.9-5.7) and twice-daily dosing 9.9 mg/L-h (n = 1).
Of the 39 studies that performed exposure monitoring, 13
(33%) reported an exposure index that was attainable from
the sampling method used; 12 (31%) reported an exposure
result that could not have been obtained without assuming
CL remained the same over time, as busulfan concentra-
tions were not remeasured; and; 14 (36%) did not provide

adequate information to determine how the reported expo-
sure index was obtained relative to sampling.

3.4.2 Relationship between Exposure and Outcomes
A summary of studies that examined the relationship

between busulfan exposure and patient outcomes is provided
in Table 5.
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3.4.2.1 Overall Survival and Event-Free Survival OS was
reported in 24 (53%) studies (from 0.3 to 5 years post-
transplant), with a median value of 80% (range 40-100%),
and EFS or disease-free survival (DFS) was reported in 20
studies (from 1 to 5 years post-transplant) and ranged from
29 to 100%. Only three studies described an association
between busulfan exposure and OS [24, 58, 59] (Table 5)
that included either an HR, RR or OR value. Bartelink et al.
conducted the largest study, with 674 included patients. In
that study, OS at 2 years was 80%, 72% and 64% in patients
with a busulfan AUC,_,, between 78 and 101 mg/L-h, < 78
mg/L-h and > 101 mg/L-h, respectively [24]. Ansari et al.
investigated 75 patients administered busulfan four times
daily, with sampling performed after the first dose. Patients
with a Cssp.; >600 ng/mL (~AUC,,, >57.6 mg/L-h) had
a lower 5-year OS rate (50% vs. 90%, p = 0.001) and higher
non-relapse mortality in multivariate analysis (HR 5.14,
95% C12.19-12.07; p = 0.001) compared with patients with
a Csspyee; <600 ng/mL [58]. Benadiba et al. also observed
reduced OS in patients with a Cssp,..; > 600 ng/mL com-
pared with patients with a Css,,, <600 ng/mL (37.5% vs.
81%, p = 0.006) [59]. Ansari and co-workers reported that a
lower Css,,, is associated with improved EFS (p < 0.0005)
[52] and a Csspy.; <600 ng/mL is associated with improved
EFS and OS (p < 0.0005) [49].

One publication examined Cssp,,,; together with Css,,
across the course of busulfan treatment [58]. The study
(N =75) involved four groups and included patients with
CsSposer <600 ng/mL and Css,,, across the course <750 ng/
mL (~AUC,_,,, <72 mg/L-h), Cssp,..; <600 ng/mL and
Css,y, across the course >750 ng/mL, Cssp,e.; >0600 ng/
mL and Cssavg across the course <750 ng/mL, and, lastly,
CsSposer > 000 ng/mL and Css,,, across the course >750 ng/
mL. This study reported that patients with Cssp.; <600 ng/
mL had significantly improved OS and EFS irrespective of
the Cssavg across the course (OS 91%, 86%, 53% and 49%,
respectively, p = 0.003; EFS 89%, 75%, 44% and 22%,
respectively, p <0.001) [58].

3.4.2.2 Transplant-Related Mortality and Toxicity TRM
was reported in 18 studies with a median value of 9.1%
(range 0-26%). One study reported increased TRM in
patients with a busulfan AUC_,, >101 mg/L-h (HR 2.99,
95% CI 1.82-4.92, p <£0.0001) (Table 5) and also increased
transplant-related toxicity (TRT; HR 1.69, 95% CI 1.12—
2.57, p =0.013) [24]. Ansari et al. identified that a Cssp;
> 900 ng/mL (~AUC,,, >86.4 mg/L-h) correlated with
increased TRT (p < 0.0005) [49]. Csspeee; >900 ng/mL
was associated with TRT irrespective of GSTA1 diplotype
groups, whereas high risk of TRT for Cssp.; <900 ng/
mL was evident only for GSTA1 group IV carriers (slow
metabolisers).
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3.4.2.3 Engraftment and Relapse Engraftment rate was
reported in 26 studies with a median value of 93% (range
56-100%), and relapse rate was reported in 12 studies with
a median value of 20% (range 10-35%). Bartelink et al.
reported that graft failure or relapse occurred less in an opti-
mum AUC_ group (78-101 mg/L-h) compared with a low
AUC,,, group (<78 mg/L-h) [HR 0.57, 95% CI 0.39-0.84,
p = 0.0041] [24]. Philippe et al. reported an increased risk
of relapse for patients with an AUC, <3.7 mg/L-h (~AUC
cum <959.2 mg/L-h) compared with >3.7 mg/L-h (42.9% vs.
13.4%, p = 0.04) [28].

3.4.2.4 Sinusoidal Obstructive Syndrome The incidence
of SOS was reported in 31 studies with a median of 16%
(range 0-34%). Two studies examined the incidence of SOS
in relation to busulfan exposure [60, 61] and reported either
an HR, RR or OR. An increased risk of SOS was observed
in patients with a maximum drug concentration (C,,,)
value > 1880 ng/mL (63.3% vs. 21.3%), and in patients with
increased time spent > 1300 ng/mL throughout the course of
busulfan treatment, as estimated using Bayesian forecasting
software [60]. A smaller study reported that decreased C,,,,
[43] correlated with an increased incidence of SOS. One
study observed that patients administered busulfan 6-hourly
with an AUC¢ > 6.2 mg/L-h (~AUC_,,, >99.2 mg/L-h) had
an increased incidence of SOS compared with those with
an AUC, <6.2 mg/L-h (33 vs. 15%, p < 0.05). However,
this relationship was not evident in patients who received
once-daily dosing of busulfan [61]. Interestingly, three
studies that did not perform any exposure monitoring had
a very low incidence of SOS [62-64], all below 5%. While
the three studies with the highest incidence of SOS (24%,
25.6%, 31%, respectively) all performed exposure monitor-
ing after the first dose only [60, 65, 66].

Eight studies reported other patient demographic and
treatment factors that impacted on the risk of SOS (Table 6).
Factors that increased the risk included the use of busulfan
in combination with cyclophosphamide instead of fludara-
bine [4], GSTAL1 genotypes, including GSTA1*B [67],
GSTA1*¥B/*B, GSTA1¥B1/*B1 [52], CTH ¢.1364 TT gen-
otype [52], younger [27, 60, 65] or older age [66], weight
<9 kg [60], weight-based dosing as opposed to age-based
dosing [68], and the use of once-daily intravenous busulfan
with targeted concentration intervention [30]. One study
suggested weight-based dosing was a predictor of SOS (HR
9.46, p = 0.009), with SOS at 42% compared with 5% for
those receiving age-based dosing [68].

3.4.2.5 Acute Graft-versus-Host Disease aGVHD incidence
was reported in 20 studies with a median value of 30%
(range 11-70%). Increased Css,, correlated with higher
cumulative incidence of aGVHD [52]. Ansari et al. reported
that Cssp; >600 ng/mL (~AUC,,,, >57.6 mg/L-h) was

cum
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Table 6 Publications describing groups with increased or decreased risk of sinusoidal obstructive syndrome

Primary author, year Dosing schedule Dose(s) with sam- Groups HR Cllow Clhigh p value
{% 1V} pling
Ansari M, 2013 [52] QID 4 days {100} Dose 1 GSTA1*B*B+and 5.3 1.3 21.5 0.009
*B1*B1+ (all
patients)
GSTA1*B*B+and 9.6 2 45.1 0.001
*B1*B1+ (females
only)
GSTM1*#0(null) 3.8 1.1 13.7 0.03
Ansari M, 2017 [49] QID 4 days {100} Dose 1 GSTA1 group four 7.1 2.5 20.4 0.0005
(slow metaboliser)
Bartelink, 2008 [30] IV: OD 4 days {50} Dose 1%, Repeatedb IV Bu dose targeted OR 3.76 NR NR 0.044
PO: QID 4 days PO Buno exposure  OR 1
monitoring
Bartelink, 2014 [4]  OD 4 days {100} Dose 1, Dose 4° AUC,,,, (Bu/Cy): 1 1 1
78 mg/L-h [range
65-110]
AUC,,,, (Bu/Flu): 0.05 0 0.4 0.005
91 mg/L-h [range
74-113]
Gokcebay, 2015 [68] QID 4 days {100} NR Age-based dosing 1 1 1
Weight-based dosing  9.46 NR NR 0.009
Huezo-Diaz, 2018 QID 4 days {100} Dose 5 CTHc.1364 TT 21.821 3.59 132.649 0.000002
[67] genotype
CTH c.1364 TT 19.575 4905 90.337 0.0001
genotype and/or
GSTA1*B
CTH c.1364 TT 9.239 1.032  82.683 0.01
genotype and
GSTA1*B
GSTA1*B 10.88 2312 51.281 0.007
Philippe, 2018 [60]  QID 4 days (96.3%) Dose 1 Chax > 1.88ng/mL. RR 6 NR NR < 0.001
BID 4 days (0.4%) Percentage time OR 2.05 NR NR 0.003
OD 4 days (3.4%) spent > 1300 ng/
{100} mL
Age < 1 years OR 2.78 NR NR 0.002
Age < 3 years OR 2.78 NR NR < 0.001
Age < 5 years OR 2.17 NR NR 0.005
Weight < 9 kg OR 2.7 NR NR 0.002
Schechter, 2018 [65] QID 4 days, OD 4 Dose 1 Young age (< 6.7 OR 1.7 per year of 1.16  2.56 0.012
days {100} years) decreasing age
below 6.7 years
Early engraftment OR 1.4 per day of 1.08 2.14 0.041

day

earlier engraftment

Patient factors shown to impact the incidence of SOS. If the comparator was within the same study, the baseline group was assigned an HR of 1.
If the HR was available, this was used, if the HR was not available but the OR or RR were provided by the study, these was included in the HR
column with a note made next to the number to indicate the value was an OR or RR

AUC,

cum

cumulative exposure measured by area under the concentration versus time curve, BID twice daily, Bu busulfan, CI confidence interval,

C,,.. maximum concentration, CTH cystathionine gammalyase, Flu fludarabine, HR hazard ratio, /V intravenous, NR not recorded, OD once

max

daily, OR odds ratio, PO oral, QID four times daily, RR relative risk, SOS sinusoidal obstructive syndrome

#All patients
Some patients
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associated with a higher incidence of aGVHD compared
with a Cssp,.; <600 ng/mL (21 vs. 5%, p = 0.04) [58].

3.4.2.6 Other Toxicities Neurotoxicity incidence was
reported in eight studies with a median value of 1.6% (range
0-10%) and lung toxicity incidence was reported in seven
studies with a median value of 5% (range 2-36%). One
study reported that increased Css,,, correlated with higher
cumulative incidence of lung toxicity and haemorrhagic
cystitis, (p < 0.03) [52].

4 Discussion

This review summarises what is currently known about the
PK and PD of intravenous busulfan in paediatric patients to
assist clinicians in dosing of this agent for future patients.
Heterogeneity was seen across the studies reviewed in terms
of conditions being treated with HSCT, treatment regimens
used, the way exposure monitoring was performed, the
exposure target aimed for and obtained, outcomes assessed
and the duration of follow-up. This marked heterogeneity
limits opportunity for meta-analysis and comparison of
results between studies since these factors impact on the
inherent risk for certain toxicities and outcomes. Further
prospective studies in particular patient groups, with spe-
cific conditioning regimens, would assist with validation
of the current recommended therapeutic target. This would
require large international, multicentre clinical trials, which
was a key conclusion of a recently published meta-analysis
that attempted to examine busulfan exposure and outcomes
within paediatric patients [69]. Outcome data for EFS,
aGVHD, seizures and lung toxicity were too sparse to ana-
lyse in this review.

IOV in the PK of busulfan was relatively low, highlight-
ing the suitability of dosage adjustment based on exposure
monitoring for this highly toxic chemotherapy agent. Both
patient age and weight were found to influence busulfan CL
and Vd in paediatrics. In childhood, age impacts on enzy-
matic maturation, plasma protein levels and body water:fat
ratios, whereas weight relates to body size and impacts on
liver blood flow. Both age and weight affect the liver-to-
body-size ratio. CL of busulfan in younger children (> 1 to
<4 years) appeared to be higher than in older children. GST
enzyme expression changes according to age [70]. Higher
expression of GSTAL1 and lower expression of GSTA2 have
been reported in infants and young children compared with
adults [70]. A higher liver-to-body-size ratio and increased
liver blood flow largely explain the increased busulfan CL
observed in young children (1-4 years of age), however
it is possible that higher GSTA1 enzyme expression may
also contribute. The ontogeny of alternative GST enzymes
(GSTM and GSTP) and the effect of this on busulfan
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metabolism in different age groups requires further inves-
tigation. Lower expression of FMO3 and CYP450 enzymes
has been reported in infants compared with older children
and adults [70, 71], which could potentially lead to greater
accumulation of THT and EdAG, resulting in increased inhi-
bition of busulfan metabolism by GSTA1 in young infants
compared with older children and adults. This may explain
the reduced busulfan CL observed in young infants despite
possible high GSTA1 expression [12].

Vd of busulfan may be higher in younger (< 4 years) com-
pared with older children [22, 43], which could be due to dif-
ferences in busulfan binding to plasma protein and changes
in body composition with age. Busulfan covalently binds
to plasma proteins, including albumin, the level of which is
commonly reduced or primarily composed of fetal albumin
(which has lower binding affinity) in infants [72].

Several studies reported that polymorphic expression
of GSTAI influences busulfan CL, with one study sug-
gesting polymorphisms in CYP39A1 may also be impor-
tant. Patients who are homozygous or heterozygous for the
GSTA1*B allele have been shown to express less functional
GSTAL protein and thus have reduced CL of busulfan [11].
The incorporation of pharmacogenomic testing in clinical
practice may be valuable for dosing of busulfan in children
in the future. However, the high burden of concomitant
medication interactions in HSCT and the cost of perform-
ing genomic testing may limit the utility of pharmacog-
enomic testing and be counterbalanced by therapeutic drug
monitoring.

Several studies that investigated busulfan CL over the
course of treatment reported that it decreased over time. It
has been hypothesised that with repeated doses of busulfan,
THT and EAAG may accumulate, resulting in a decrease
in busulfan metabolism due to inhibition of the glutathione
conjugation pathways [12, 13]. This may be more apparent
with once-daily administration regimens that are associated
with higher peak concentrations of busulfan, particularly if
there is a step in the metabolism pathway that gets saturated,
or glutathione depletion within the cell.

Phenytoin is a known inducer of several CYP450
enzymes, including CYP2B6 and CYP3A4/5, and a sub-
strate of CYP2C9 and CYP2C19 [73]. Coadministration of
phenytoin with busulfan may mask busulfan’s concentration
or time-dependent non-linear PK behaviour due to the induc-
tion of enzymes responsible for the metabolism of THT,
resulting in a reduction in the feedback inhibition of glu-
tathione conjugation pathways. Nonlinear concentration- or
time-dependent behaviour associated with busulfan therapy
may be more apparent with the use of newer antiepileptics
that are not metabolic inducers, and with once-daily admin-
istration of this agent. CYP2C9 genotype as a covariate on
CL should be further investigated.
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Studies suggest that too-high busulfan exposure can
reduce OS and EFS. Data to date, while limited, tend to
suggest targeting an AUC_,,, between 78 and 101 mg/L-h
or CsSpgee; <600 ng/mL (~ AUC,,;,, <57.6 mg/L-h) may be
most appropriate. While the current suggested target range
for busulfan across all doses is a Css,,, of 600-900 ng/
mL (~AUC,_,,, 57.6-86.4 mg/L-h) [2, 3], patients achiev-
ing a Cssp,; <600 ng/mL may still be achieving adequate
exposure over the course of treatment due to possible time-
dependent PK behaviour and increased exposure with repeat
dosing, while those with higher exposure initially may
become overexposed with repeat dosing.

Busulfan may have a metabolite with activity, either
cytotoxicity, toxic effects, or both. A few studies have
demonstrated a relationship between busulfan exposure
and certain adverse events. TRM and TRT appeared to be
associated with higher busulfan exposure (i.e. an AUC_,,
> 101 mg/L-h [~Css,,, > 1052 ng/mL] and Csspo.; >900
ng/mL [~AUC,,,, > 86.4 mg/L-h], respectively). Ansari
et al. showed that GSTA1 group IV carriers, which are slow
metabolisers, had increased TRT when Cssp.; was <900
ng/mL. There is some evidence that the incidence of SOS is
associated with higher busulfan exposure as well as patient
genotype/haplotypes that result in slower busulfan metabo-
lism [49, 52, 67]. These findings may be due to increased
total cumulative busulfan intracellular exposure over the
treatment course; increased time busulfan concentrations
in plasma are above a certain concentration or potentially
increased exposure to a toxic metabolite [49]. Free busul-
fan diffuses passively into cells, therefore more is likely to
enter the cell with high concentrations or with prolonged
exposure. If metabolism is slow, there is increased intracel-
lular exposure to free busulfan, which could increase the
amount hydrolysed to active moieties and therefore increase
toxicity. Since busulfan metabolism is complex and involves
multiple enzyme systems, the ontogeny of these enzymes
and subsequent metabolite levels may play a role in the
observed increased risk of SOS in younger patients [27, 60,
65], especially if a metabolite is involved in the develop-
ment of this toxicity. EdAG is a product of busulfan metab-
olism (Fig. 1) and has been observed to react with protein
nucleophiles, in particular glutaredoxins, resulting in inac-
tive moieties [15]. Interactions with glutaredoxins by EdAAG
may cause flow-on effects to pathways that are dependent
on glutaredoxins for either glutathionylation or deglutath-
ionylation and therefore cause further cytotoxicity [15].
EdAG usually forms a conjugate with glutathione, however
it is possible that with higher concentrations observed with
once-daily dosing, there may be more potential for EdAAG
to interact with alternate proteins, potentially contributing
to increased toxicity and/or efficacy.

EdAG also contributes to intracellular glutathione deple-
tion through its metabolism to GSG. Glutathione depletion

decreases the ability for cells to respond to endogenous
oxidative stress, process further busulfan through GST
enzymes, and deactivate further EQAG produced. Accumu-
lation of EAAG may also help explain the time-dependent
CL observed, since it competes with glutathione for binding
sites on GST enzymes [13]. Blood glutathione concentra-
tions before administration of busulfan were positively cor-
related with busulfan CL (adjusted R>=0.45, p = 0.009)
[74]. Increasing intracellular glutathione levels reduces
busulfan-related hepatotoxicity [75] without impacting on
myeloablation [76]. N-acetyl-cysteine (NAC) administration
during busulfan therapy may help prevent SOS in patients
at high risk, however further investigation into the effects
on cancer cells and relapse risk is necessary [75, 76]. Alter-
natively, it has been observed that endothelial cells that are
involved in the evolution of SOS have little to no GSTAI
activity, and that other GST enzymes may take on the role
of conjugating busulfan with glutathione [77]. Therefore, the
pharmacogenomics and ontogeny of these alternative GST
enzymes may be more important in the development of SOS
than GSTA1 [77].

It has been suggested CYP2C9 may also play a role in
busulfan metabolism based on case studies reporting that
coadministration of metronidazole [78, 79] and ketobemi-
done [80, 81] (known substrates/inhibitors of CYP2C9)
increases busulfan concentrations. Patients who are
CYP2C9%2 and *3 allele carriers (decreased enzyme activ-
ity) have been shown to have a higher ratio of busulfan to
its metabolite sulfolane [82], suggesting this enzyme plays
a significant role in the metabolism of THT. Furthermore,
increased graft failure and decreased EFS have been dem-
onstrated in malignant patients with a busulfan:sulfolane
metabolic ratio above five compared with below [82], fur-
ther supporting the idea of a metabolite with activity. A low
metabolic ratio, when busulfan levels are low compared
with sulfolane levels, suggests fast transition of unbound
busulfan through the metabolism process to the final prod-
ucts that are then excreted. Higher busulfan:sulfolane meta-
bolic ratios suggest slower initial metabolism and poten-
tially decreased or increased concentrations of intermediate
metabolite products (including THT), depending on which
particular enzyme activity is reduced. Cyclophosphamide
is metabolised to active moieties through CYP enzymes,
including CYP2C9, which could confound the results
observed, since slow metabolism of busulfan to sulfolane
may also mean slower or reduced production of the active
cyclophosphamide metabolite. Further studies examining the
impact of pharmacogenomics and metabolite concentrations
on both the PK and PD of busulfan should be prioritised.

Many studies in this review performed dose adjustment
based on exposure estimates obtained after the first dose,
with no or limited further monitoring performed on subse-
quent days [55, 83], but then reported an average exposure
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per dose or a cumulative exposure estimate to link to out-
comes. Cumulative exposure based on measures taken
on the first day of treatment may underestimate that actu-
ally achieved on later days if busulfan displays non-linear
or time-dependent PK behaviours. If unnecessary dosage
increases are being made based on these underpredictions,
this may explain suggestions by one group of investigators
[84] that exposure monitoring is a risk factor for SOS com-
pared with administration of intravenous busulfan without
monitoring.

Bayesian forecasting methods have an advantage over
other methods in terms of making dosage predictions, as
they are based on PK models that can consider patient
covariate values and time-dependent PK behaviour. Bar-
telink and colleagues have recommended increasing the
historical busulfan AUC,,,, target of 58-86 mg/L-h (Css,,
600-900 ng/mL) to a new recommended target of 78—101
mg/L-h (Css,,, 812.5-1052 ng/mL) using Bayesian forecast-
ing modelling software [24]. Some caution should be used
in applying this increased therapeutic target if cumulative
exposure is being estimated in a different manner to that
within the publication.

Four key published population PK models have been
externally validated [20, 21, 38, 39]. For patients who are
overweight or underweight, the population PK model by
Bartelink and colleagues [21] may be predictive. For once-
daily dosing, the population PK models by Nguyen [39] and
McCune et al. [38] have both been externally validated. The
population PK model published by Long-Boyle et al. [20]
was not externally validated for obese patients or once-daily
dosing and had limited numbers of patients in the external
validation cohort above the age of 12 years.

Currently, there is much heterogeneity in how exposure
monitoring is performed, including which day(s) sampling
is performed. Standardisation of exposure monitoring would
allow for improved analysis of results and for meta-analysis
to be performed. Harmonisation to one unit of measure for
exposure as mg/L-h has been recommended [85] for future
publications and protocols to prevent misinterpretation. To
be in line with this recommendation, harmonisation of the
exposure index reported to AUC instead of Css is recom-
mended. Estimated AUC,,,, would be helpful to allow com-
parisons between studies and ensure that dose adjustments
can be incorporated in the final exposure estimate. Further
prospective studies measuring busulfan exposure over the
entire course of treatment, or validation of Bayesian fore-
casting programmes to estimate cumulative exposure from
less intensive sampling and utilisation in studies, is required
to establish appropriate exposure—outcome relationships. It
is imperative that clinicians are aware of the time-dependent
PK (decreased CL over the course of treatment) exhibited by
busulfan, and the variability of exposure observed between
occasions, and consider this when making recommendations
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for dose adjustments for patients. Exposure monitoring
should be repeated following any dose change. Reducing
future doses should be considered if exposure is close to the
upper limit of the therapeutic target.

5 Limitations

Comparing exposure in the PK and PD analysis was com-
plicated by considerable variety in the dosing of busulfan,
exposure targets monitored (Css,,, AUC e inervaly AUC
o4 and AUC, ), how exposure was calculated, how dose
adjustments are made, and whether subsequent monitoring
was pursued after the first dose. A number of publications
did not contain the level of detail required to ensure accurate
comparisons. Conversion of exposure to one index measure
was necessary for comparisons even though values were not
necessarily equivalent and that changes to exposure due to
dose modifications may not have been taken into account. A
complete description of covariate model building was rare,
therefore it was not always possible to determine whether
the covariates had been screened against both CL and Vd.
Due to small patient numbers receiving this drug world-
wide, publications commonly combined data from differ-
ent centres and countries, therefore administering different
regimens and supportive care. A considerable number of
studies did not report the seizure prophylaxis used and if
multiple agents were used in the patient group, the number
of patients receiving each agent was not always available.
Publications with a mixture of daily and four-times-daily
dosing did not differentiate the PK values between the dif-
ferent dosing schemes. Comparison of outcomes was com-
plicated by significant variations in the condition being
treated and therefore inherent differences in the likelihood
of certain outcomes, including survival and toxicity. In addi-
tion, a large proportion of studies had both malignant and
non-malignant patients included and outcome results were
often not separated. Outcomes were not consistently defined
or measured in the same way and duration of follow-up
across studies varied, making outcomes difficult to compare
between studies.

6 Conclusions

Patient age, body weight and GSTA1 genotype are impor-
tant covariates to consider when individualising busulfan
therapy. Reduced busulfan CL across the dosing period may
need to be considered, particularly in patients not receiving
phenytoin co-therapy. Busulfan exposure above the current
recommended target range appears to be associated with
reduced OS and EFS, and increased TRM, TRT and some
toxicities. Standardisation of the process for monitoring
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and harmonisation of the exposure index used should allow
improved interpretation of results of studies and future
meta-analysis to be performed. We would recommend per-
forming exposure monitoring and subsequent dosage adjust-
ment based on the use of Bayesian forecasting programmes.
Repeated sample testing should be performed following
any dose modification. Improving accuracy of estimates
of cumulative busulfan exposure would facilitate improved
investigation of exposure—outcome relationships and allow
better characterisation of CL changes over the treatment
course. Further investigation of the influence of busulfan
metabolites on both the PK and PD of busulfan is warranted.
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