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Aims: Fanconi anaemia (FA) is a rare disorder characterized by progressive bone
marrow failure that requires haematopoietic cell transplantation (HCT). Busulfan is
used in conditioning regimens prior to HCT. Doses used in non-FA patients cause
life-threatening toxicities in FA patients and data on busulfan pharmacokinetics
(PK) in this population are limited. This study characterized busulfan PK in paedi-
atric FA patients using population PK modelling and evaluated the effect of body
composition on steady-state concentrations (C).

Methods: A total of 200 busulfan plasma concentrations in 29 FA patients from a
recent study (Clinicaltrials.gov; NCT01082133) were available for population PK
modelling. The effect of different body size-scaled doses and body compositions on
C.s was investigated using population PK modelling.

Results: Fat free mass (FFM) was identified as the best size descriptor in a two-
compartment busulfan PK model in FA patients. Conventional dosing, based on
an amount of busulfan per kilogram of total body mass, resulted in higher C in
FA patients with higher body mass index (BMI). A newly proposed FFM-based
dosing strategy would eliminate the observed trend of higher concentrations in
high BMI patients, and achieve consistent Cs across a wide BMI spectrum.
Conclusions: This is the first study to describe the population PK of busulfan in
paediatric FA patients. The proposed model will facilitate PK model-informed pre-
cision dosing. FFM-based dosing is expected to improve the probability of achiev-
ing target C,, particularly in obese patients, while minimizing the risk of

overdosing.
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1 | INTRODUCTION

Fanconi anaemia (FA) is a rare inherited genetically and phenotypically
heterogeneous disorder that causes progressive bone marrow failure.*
FA patients are predisposed to developing leukaemia and solid
tumours. Median life expectancy is therefore 23 years.> Hence, it
affects mostly paediatric patients. Various congenital malformations
are often seen, including short stature and kidney abnormalities asso-
ciated with decreased renal function.? These anatomical and physio-
logical characteristics might influence drug behaviour in FA patients,
therefore understanding the differences in drug disposition compared
to non-FA patients is of clinical importance.

Allogeneic haematopoietic cell transplantation (HCT) is an effec-
tive therapy to treat the haematological complications of patients with
FA.2 Busulfan is widely used in conditioning regimens prior to HCT
for various haematological disorders. Due to large variability in busul-
fan pharmacokinetics (PK) in combination with its narrow therapeutic
index, monitoring of busulfan concentration is recommended to maxi-
mize the effect while minimizing the incidence of side effects. High
systemic exposure to busulfan is correlated with toxicities such as
sinusoidal obstruction syndrome and acute graft-versus-host disease
in adult patients undergoing HCT.*° In contrast, low exposure is asso-
ciated with an increased risk of graft rejection and relapse.®” Toxic-
ities emerging from conditioning regimens are more common in FA
patients due to their high chemotherapy sensitivity, which is related
to an inability to repair DNA damage.2? Finding the right dose in FA
patients has been a challenge for clinicians, in part due to limited
information on the PK of busulfan in this patient population.

Busulfan PK has been recently described in FA patients.*® The
aim of this study was to characterize the population PK of busulfan in
paediatric patients with FA. The effects of differences in body size on
busulfan PK in FA patients were specifically examined, since body
weight has been reported to be an important predictive covariate in

non-FA patients'®?

and the FA patient population shows a unique
physical characteristic with wide body weight distribution. That is, in
general FA patients are of notably short stature and underweight
compared to a relatively healthy paediatric population,? but over-

weight and obesity can still occur.

2 | METHODS

21 | Patients and study design

Data from a subset of patients who participated in a recent phase 2
study (ClinicalTrials.gov: NCT01082133) by Mehta et al. were used
for the development of the population PK model.2° The Institutional
Review Boards of Cincinnati Children's Hospital Medical Center
approved the study and all parents/guardians and/or patients pro-
vided written informed consent and assent before enrolment in the
study. In brief, in the clinical study, two groups of patients received
either an initial busulfan dose of 0.8 or 1 mg kg™* (based on patient

d11,13)

age and weight as previously reporte , or a reduced dose of 0.6

What is already known about this subject

e Busulfan has a narrow therapeutic index and is used in
preparative regimens prior to haematopoietic cell trans-
plantation in the rare disorder Fanconi anaemia (FA).

o Total body mass-based dosing is currently recommended
in patients with FA.

e Body size is a predictive covariate for busulfan pharmaco-

kinetics (PK) in non-FA paediatric patients.

What this study adds

e This is the first study describing population PK of busul-
fan in paediatric FA patients.

o Size-normalized busulfan PK in FA patients was similar to
that as in non-FA patients.

e Fat free mass-based dosing is expected to improve target
steady-state concentration attainment, particularly in
obese patients, which would reduce variability in clinical
outcomes.

or 0.8 mg kg1 as a 2-hour intravenous infusion. Blood samples were
collected at O, 15 and 30 minutes, and 1.5, 2, 3 and 4 hours after the
end of intravenous infusion of busulfan. Based on the PK results, sub-
sequent busulfan doses were reduced (if necessary).2® A total of 200
busulfan plasma concentrations from 29 FA patients after first dose
were available for PK analysis. Busulfan concentrations were mea-
sured by gas chromatography with mass spectrometry detection as
previously described.?* The within- and between-day coefficients of
variation for the assay were below 8%. The dynamic range of the
assay was from 125 to 7500 ng mL~* with a lower limit of quantifica-
tion of 125 ng mL™%. Patients' demographic data and clinical labora-
tory test results were collected as part of routine clinical care.

2.2 | Population PK modelling

Population PK analysis was performed by nonlinear mixed effect
modelling using NONMEM (version 7.2, ICON, Gaithersburg, MD,
USA), with PDx-POP version 5.0 (ICON) and Pirana version 2.7.1
(Pirana Software & Consulting BV, http://pirana-software.com) as
interfaces. First-order conditional estimation with interaction (FOCE-I)
was applied for all runs. Both one and two-compartment models were
explored, and model selection was based on goodness-of-fit diagnos-
tics plots, comparisons based on the minimum objective function
value (OFV) and evaluation of the estimates of population fixed and
random effect parameters. Interindividual variability was assessed

using the following model (Equation (1)):

0; = 61v -exp(n;) (1)
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where 6; is the estimated parameter value for individual i, 61y is the
typical value of parameter 0 in the structural model, and #; is an inter-
individual random effect for individual i, which was assumed to follow
a normal distribution with a mean of 0 and a variance of w?. Investi-
gated PK parameters were clearance (CL), volume of distribution of
the central compartment (V,), intercompartmental clearance (Q), and
volume of distribution of the peripheral compartment (V,). A propor-
tional error model and a combined proportional and additive error
model were explored to describe the residual error.

Both allometric and linear scaling were examined to account for
differences in body size and composition as follows (Equation (2)):

BM: power
9,-=aw><( ! )

BMq (2)
where BM,; is the size descriptor for body mass (ie, total body mass
[TBM], fat free mass [FFM], normal fat mass [NFM], ideal body mass
[IBM], or body mass index [BMI]) for individual i, BMyq is the value
for the size descriptor in a standard adult male, and power is the allo-
metric exponent or equals 1 in linear scaling.

Lean body weight (LBW) and FFM are often used interchangeably
in clinical practice to account for body composition differences. In this
study, FFM was used since the LBW formula has been reported to
lead to some inconsistencies in the prediction of LBW at extremes of
height and weight.?2?* FFM was predicted for males and females
using the following equations (Equations (3) and (4), respectively):

. 2 ,
FFMpae - (088 + (1088 )\ (4292xHTExTBM,)
1+(35y) 2 30.93x HT2 + TBM,;

FFMoe = 111+ 1-1.11 “ 37.99 x HT? x TBM; ()
emee 1+ (%)M 35.98 x HT? + TBM,

where age; is the age of individual i in years, HT; is height of individual
i in metres (m) and TBM,; is the total body mass of individual i in kilo-
grams (kg).2*2° The lower bounds («) of the sigmoid hyperbolic models
for males and females, are 0.88 and 1.11, respectively, and 1 in the
numerators is the upper bound (B). The FFM maturation half-times are
13.4 and 7.1, the sigmoidicity coefficients (y) are 12.7 and 1.1, the
maximum FFM values for any given height (WHS,.,) are 42.92 and
37.99, and the values for TBM when FFM is half of WHS, ., are
30.93 and 35.98 for males and females, respectively.?>2°

In this study, NFM was also assessed as a size descriptor
according to previous reports.)” FFM was used to calculate NFM as

follows (Equation (5)):

NFM = FFM + Ffat x (TBM-FFM) (5)

where Ffat is a fraction that reflects the role of fat (TBM minus FFM)
on metabolic processes or physiological volumes.?? If Ffat is O, size is
completely described by FFM, whereas if Ffat is 1, TBM describes the
body size mass entirely.

Lastly, IBM was tested as a size descriptor, which has been
suggested as a dosing mass index for several drugs in obese chil-

dren.2® IBM was calculated as follows (Equation (6)):

IBM =2.396 ¢001863xHT; (6)

where IBM is in kilograms and HT; is the height of individual i in
centimetres (cm).?” If the height of the patient exceeded 5 feet
(154 cm), the IBM for males and females was calculated using the fol-

lowing formulas (Equation (7) and (8), respectively)?®:
IBMhae = 50kg + 2.3 kg for each inch over 5 feet (7)

IBMfemale = 45.5 kg + 2.3kg for each inch over 5 feet (8)

Potential covariates (ie, age, height, body surface area, BMI, TBM,
FFM, NFM, IBM, nuclear glomerular filtration rate (GFR), serum creati-
nine, serum albumin, serum aspartate transaminase (AST), serum ala-
nine transaminase (ALT) and gender) were plotted individually against
the post hoc Bayesian individual PK parameter estimates, and were
examined as a covariate based on their visual correlation. In addition,
covariates were identified by calculating the difference in minimum
OFV between models with and without the covariate relationship and
on the basis of their studied or theoretical relationship with busulfan
PK. The differences in OFVs from nested models was assumed to be
Xz distributed. A drop of more than 6.63 points (P < 0.01) was consid-

ered to be significant.

2.3 | Model evaluation

To evaluate the models and to identify potential bias due to model
misspecification, the following diagnostic plots were used: observed
value (DV) vs population-predicted value (PRED), DV vs individual-
predicted value (IPRED), conditional weighted residuals (CWRES) vs
PRED and CWRES vs time after start of the infusion. Non-parametric
bootstrap analysis was run with 1000 resampled datasets.?’ The esti-
mated medians and 95% confidence intervals were compared with
the final model estimates. For the validation of the final model, the
prediction-corrected visual predictive check (pcVPC) was used by sim-
ulating 1000 datasets.*° The observations were compared with the
distribution of the simulated concentrations.

2.4 | Individual steady-state concentration
estimates by Bayesian estimation

Patient demographics, dosing information and busulfan plasma
concentration-time data were used to estimate individual PK parame-
ters by using the MwPharm++ software (version 1.5.1, MEDIWARE,
Inc., Prague, Czech Republic), a therapeutic drug management applica-
tion. In the application, the final population PK model parameters

were used as prior population information for Bayesian estimation
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using individually observed concentrations as feedback. The workflow
of this analysis is depicted in Figure S1. In this study, busulfan expo-
sure was reflected as concentration at steady-state (C.). Css was cal-

culated using the following formula (Equation (9))%:

_AUGo- o
T

Css 9)

where AUC,_, is the area under the curve from t = O to infinity and ¢
is the dosing interval.

The target Css has been suggested as
0.616 mg L™ < C, < 1.026 mg L™! by Booth et al. in non-FA paediat-
ric patients based on a 6-hour dosing interval attained by dosing per
TBM.'® Due to high chemotherapy sensitivity in FA, Mehta et al.

aimed at a significantly lower exposure of <0.35 mg L™t by 12-hour

TABLE 1 Demographic information and clinical laboratory test
results of patients at enrolment in this study

Median (95% Cl,
n=29)
Age (years) 8.0 (6.3-10.6)
Weight (kg) 19.9 (15.9-33.0)
Height (cm) 120.6 (107.1-133.2)

Body mass index (BMI, kg m™2)

16.0(13.8-18.1)

Initial dose (mg 12 h™%) 13.6 (11.0-25.0)

Nuclear glomerular filtration rate (GFR, 112 (92-129)

ml min~t 1.73 m~2)

Serum creatinine (mg dL™2) 0.43 (0.40-0.50)

Serum albumin (g dL™) 3.7 (3.5-4.0)
Serum aspartate transaminase (AST, units L™%) 36 (32-43)
Serum alanine transaminase (ALT, units L™%) 32 (25-52)
Sex: male/female 13/16

95% Cl = 95% confidence interval

(A),, (B)

dosing intervals.2® The subset of patients whose data were used in
this PK analysis received either a busulfan dose of 0.8 mg kg™* TBM
or a lowered dose of 0.6 mg kg~* TBM. C,, was calculated following
this initial dose. To eliminate as a possible confounder that the
patients' body compositions (eg, overweight, obesity) were not equally
distributed in the two dosing arms, C; was estimated using individual
PK parameters for the scenario in which all patients received the same
simulated dose (ie, 0.6, 0.8, 1.0 and 1.2 mg kg~! TBM). This dosing
scenario allowed assessment of the effect of different body composi-
tions on the Cg estimate. In addition, in order to account for redun-
dant fat mass that might not contribute to busulfan PK, Cs; was
estimated following simulated FFM-based doses (ie, 0.6, 0.8, 1.0 and
1.2 mg kg™t FFM).

2.5 | Statistical analysis

The correlation between a patient's BMI and the estimated busul-
fan Css was assessed based on linear regression analysis using Gra-
phPad Prism (version 7.0, GraphPad Software, Inc., San Diego, CA,
USA). Differences in estimated C; achieved between patient sub-
populations were analysed by the nonparametric Mann-Whitney U-
test.

3 | RESULTS

3.1 | Patients

The demographic characteristics of the patients with FA are summa-
rized in Table 1. Frequency histograms of the data are presented in
Figure S2. The median age in the study cohort was 8.0 years (range,
4.3-22.4), with a median weight of 19.9 kg (8.4-88.7) and a median
height of 120.6 cm (86.7-178.8). All but one patient were younger
than 18 years of age. Figure 1 shows the BMI distribution of the

FIGURE 1 BMl distribution for male (A) and
female (B) patients in the study population (black
circles). Black lines are locally weighted scatterplot
smoothing curves through international cut-off
points for BMI for overweight (lower curve) and
obesity (upper curve) proposed by Cole et al.%?
The yellow area indicates overweight, whereas
patients in the red area are considered obese. One
patient (male, 22.4 years of age,

BMI = 23.9 kg m™?) is not included in this graph,
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population, including overweight and obesity classification based on
age and sex specific cut-off points for BMI as proposed by Cole et
al.32 This study population included one overweight and four patients
in the obese group. In comparison to the National Health and Nutri-
tion Examination Survey (NHANES) data,®® patients tended to have a
short stature and be underweight, with a BMI on the lower end of the

spectrum in both males and females (Figure 2).

3.2 | Population PK modelling

A two-compartment model with zero-order infusion adequately
described the PK profile of busulfan after intravenous infusion. A pro-
portional error model provided an adequate fit, while a combined pro-
portional and additive residual error model did not perform
significantly better. Allometric scaling of TBM significantly improved
the model fit (AOFV = —-169, P < 0.001). The power exponents of
TBM were estimated to be 0.863 (95% confidence interval (Cl):
0.722-1.00) for clearance (CL) and intercompartmental clearance (Q),
and 0.931 (95% Cl: 0.812-1.05) for volume of distribution of the cen-
tral (V1) and peripheral compartment (V,). The 95% Cls included the

theoretical power exponents (0.75 for clearance and 1.0 for volume)

(A),

which were proposed by Holford and Anderson.?? Therefore, the
fixed power exponents of 0.75 and 1.0 were used for allometric scal-
ing of clearance (CL and Q) and volume of distribution (V4 and V,),
respectively. This model was defined as the base model. Of other
body mass describing covariates examined, FFM provided the best
model fit (AOFV = —28.3, P < 0.001). Using IBM gave similar results,
since IBM values approximated those of FFM, especially in obese
patients. PK parameter estimates were standardized to
FFMq = 56.1 kg, which was calculated by a standard adult height of
176 cm and weight of 70 kg.®* Estimated exponents of FFM were
0.984 (95% Cl: 0.852-1.12) on CL and Q, and 1.06 (95% CI:
0.994-1.13) on V; and V,, suggesting a linear relationship between
FFM and the PK parameters. Hence, both the exponents for clear-
ances and volumes of distribution were fixed to 1.0. The inter-
individual variability (IIV) for Q and V, were fixed to O, since they
could not be estimated probably due to small sample size. No other
covariates were found to be significant. The FFM model was selected
as the final model. The population PK parameter estimates in the final
model are summarized in Table 2.

Figure 3 shows the goodness-of-fit plots for the final model. The
model adequately predicts the concentration (R = 0.91 and 0.99 for

population- and individual-predicted vs observed busulfan

(B)

210

Height (cm)
3
\
\

-

N

o
1

90

(C)

(D)

1504

Weight (kg)
3

50 S L S
FIGURE 2 Age versus height o e
(A, B), weight (C, D) and BMI (E, (E) (F)
F) for male (left column) and 60
female (right column) patients — i
(black circles) plotted with the e
NHANES data (yellow and purple % 407 1
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respectively), executed by 2 | coogoioimmsiafimaEcactass | | D san il Etes s se TN
Centers for Disease Control and E: 09 '___,:——-“"-_' 1 feiiisasceay %
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smoothing curve through the
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TABLE 2 Parameter estimates for the final population PK model and bootstrap analysis
Final model Bootstrap analysis
95% CI

Parameter Estimate RSE (%) Shrinkage (%) Median Lower Upper
CL(Lh 70 kg™ 12.6 3 12.6 11.8 13.4
V1 (L70 kg’l) 36.4 7 36.2 31.6 41.2
Q(Lh*70kg™) 11.8 37 12.4 3.25 20.3
V, (L70 kg‘l) 7.73 28 7.73 3.48 12.0
IV (CV%)
1V for CL 16.2 33 -1 16.0 10.3 20.8
IV for V4 11.8 25 4 11.9 8.98 154
1V for Q
IV for V,
Residual variability (CV%)
Proportional error 4.09 41 15 4.03 2.77 5.59

Note. Parameter estimates are standardized for an adult male with 70 kg of body weight and 176 cm of height (FFMg4 = 56.1 kg).
Abbreviations: Cl, confidence interval; CL, clearance; CV, coefficient of variation; IV, interindividual variability; Q, intercompartmental clearance; RSE,
relative standard error; V4, central compartment; V5, peripheral compartment.

(A) .

. R%=0.9112
-
o oo 9
£ o
§ 1.01 e
g 89%
E
[= o @
g o0, °
c ° ©
° (] o
S 0.5 o® %
° : o °
o [e}
2 0 °©
Q
7]
e
(] o
0.0 r T
0.0 0.5 1.0 1.5

Predicted concentration (mg L'1)

Conditional weighted residuals

44

0.0

concentration, respectively). Bootstrap analysis indicated the stability
of the final model (Table 2). The simulated concentrations by pcVPC
(Figure 4) presented a good agreement between the observed and

simulated concentrations. Figure 5 shows plasma concentration time

0.5 1.0 1.5

Predicted concentration (mg L'1)

(B) s

Observed concentration (mg L™)

_—
Conditional weighted residuals U
L —

R? = 0.9907

1.0

0.5+

0.0 T T
0.0 0.5 1.0

1.5

Individual predicted concentration (mg L'1)

(=]
(o]

-4 o

0 2 4 6 8

Time after start infusion (h)

10

FIGURE 3 Goodness-of-fit
plots for the final PK model.
Population-predicted (A) and
individual-predicted (B) busulfan
concentrations vs observed
concentrations (solid line, line of
identity; dashed line, linear
regression; open circles, observed
data). Conditional weighted
residuals (CWRES) vs (C)
population-predicted busulfan
concentration and (D) time after
start of the infusion (solid line,
line of identity; dashed line,
second-order polynomial; open
circles, observed data)

profiles for underweight (defined as BMI < fifth percentile of
NHANES data), normal weight (defined as BMI =~ 50th percentile of
NHANES data), and obese male and female patients. Population-

based estimation of plasma concentration time curves was
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satisfactory in normal weighted patients and was slightly less precise
in underweight and obese patients, but seemed to be unbiased (ie, no

trend of under- or overprediction in under- or overweighed patients).

3.3 | Estimated steady-state concentrations
following TBM- and FFM-based doses

Calculated C, values following the initial dose of 0.6 or 0.8 mg kg™*
TBM, as well as estimated Cgs values following simulated doses of
0.6 mg kg~ TBM, 0.6 mg kg~ FFM and 0.8 mg kg™ FFM, plotted
against patients' BMI, are depicted in Figure 6 (panels A through D,
respectively). Following the initial dose of 0.6 or 0.8 mg kg™! TBM,
there seemed to be a trend of higher C if the patient was more over-
weight (slope of linear regression line significantly different from zero;
P = 0.0019). Notably, three out of four obese patients received the
higher 0.8 mg kg~! TBM dose. In the simulated scenario in which all
patients received the same 0.6 mg kg~ TBM dose, the trend endured
nonetheless (slope different from zero; P < 0.001). Additionally, non-
obese patients achieved a mean (standard deviation (SD)) C,s of 0.265
(0.0402) mg L™, whereas obese patients were exposed to signifi-
cantly higher concentrations (0.345 (0.0742) mg L™%; P = 0.0091) after
receiving the simulated 0.6 mg kg~* TBM dose. Conversely, simulated
FFM-based dosing regimens of 0.6 and 0.8 mg kg~* FFM achieved

(B)

1.5
o
(2]
E 0]
c
k]
g
S 05]
(%] uy
c )
[}
o
0.0
(©),.
o
(=]
E 101
c
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FIGURE 5 Plasma concentration-time profiles cE»
of intravenous busulfan for underweight (A, B), =
normal weight (C, D), and obese (E, F) patients %
following the first dose. The left column =
represents male patients, female patients are §
represented by the right column. The dashed line S
is the population-based prediction, black circles

are observed data, and the solid line is the
individually predicted fit

Time (h)

Time (h)
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Observed (0.6 and 0.8 mg kg'1 TBM)

FIGURE 6 Individual steady-

(B)

0.6 mg kg”! TBM

state concentrations (Cs,)
following the initial dose (A, 0.6
and 0.8 mg kg~! TBM) and
simulated doses (B, 0.6 mg kg™!
TBM; C, 0.6 mg kg~ FFM; D,
0.8 mg kg™ FFM) plotted against
the body mass index (BMI) of the
patient. Open circles represent
non-obese patients and obese
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steady C,s across the BMI spectrum (slope not different from zero;
P =0.57 and P = 0.54, respectively). 0.9+ =
Estimated C, values following simulated doses of 0.6, 0.8, 1.0
and 1.2 mg kg™! TBM and FFM are shown in Figure 7. The mean 0.84
(interquartile range, IQR) C,s was 0.28 (0.25-0.30), 0.37 (0.33-0.41), . o
0.46 (0.41-0.51) and 0.55 (0.49-0.61) mg L™ for the 0.6, 0.8, 1.0 and
1.2 mg kg~! TBM dose, respectively. The IQR was narrower across 0.7 .
FFM-based doses, with mean (IQR) C.s of 0.21 (0.20-0.23), 0.28 °
(0.26-0.30), 035 (0.33-0.38) and 0.43 (0.39-045) mg L " for the 0.6, 0.6 . N
0.8, 1.0 and 1.2 mg kg™* FFM dose, respectively. Obese patients ;
attained Cg at the higher end of the distribution when receiving a % 0.5-
TBM-based dose. FFM-based dosing, in contrast, resulted in similar 8
Cs predictions between obese and non-obese patients. -
0.4+
[e]
4 | DISCUSSION I %
(P (¢] o) [e]
This is the first study to characterize PK of busulfan in paediatric 0.2 % “g) Q:
patients with FA through population PK analysis. Individual busulfan ’ °©
PK profiles were predicted adequately in FA patients by the popula- ®
tion PK model, which was developed using FFM as the most impor- 0.1 T T T T T T T T
tant size descriptor. With the developed model, consecutive busulfan ’,\Q@“ '\&Q’é :\QQQ :\,&é ',\QQQ '\&0\& 5<{<® :\,&é
doses that are part of the conditioning regimen can be tailored with 69‘9 &qﬂg’ &o:‘g &qﬂg &&g 6\9‘9 &q‘&g 6\&49
greater precision. Regarding PK characteristics in FA paediatric Ny ° Ny N N NS NG N
patients, size-normalized busulfan clearance and volume of distribu-
tion estimates were not essentially different from previously publi- FIGURE 7 Individual steady-state concentration (Cs;) following

shed values in non-FA paediatric patients (Figure 8).1*” Our
estimated busulfan clearance (mean (SD); 12.6 (2.04) L h™* per 56.1 kg
FFM) is the highest among previously reported values, and 12.8%
higher than the value reported by McCune et al. (11.4 (2.45) L h™* per
62 kg NFM).Y” The FFM of 56.1 kg and NFM of 62 kg both

simulated FFM- and TBM-based doses. Open circles represent non-
obese patients and obese patients are represented by black squares.
Solid horizontal lines represent median with interquartile range (IQR)
per dosing regimen. Solid vertical lines mark 0.6, 0.8, 1.0 and

1.2 mg kg~ dosing scenarios. The dotted line represents the
proposed upper C limit (target < 0.35 mg L™%)
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FIGURE 8 Estimated clearance (A) and volume of distribution (B)
related population pharmacokinetic parameters in FA patients
compared to reported values in non-FA paediatric patients.>"1” All
values, which were often expressed corresponding to the median
weight of the population, were allometrically scaled to a total body
weight of 70 kg, using the theoretical power exponents of 0.75 and
1.0 for clearance and volume, respectively. Both one- and two-
compartment models have been reported. Since one-compartment
models inherently include only one volume of distribution (Vy), this
value was compared to the sum of the estimated volumes for the
central and peripheral compartment (V) in two-compartment models.
Black circles represent the estimated value, with whiskers showing
the 95% confidence interval of the mean estimate, unless stated
otherwise.

TWhiskers show the 90% confidence interval

correspond to a TBM of 70 kg. This difference in clearance is not con-
sidered clinically relevant. Our study with a sample size of 29 patients
had more than 90% power to detect a 20% difference (two-sided) in
clearance with a type | error of 0.05 using the large study population
of McCune et al. as the control group.

Patient's gender and several clinical laboratory test results were
applied to clearance as potential covariates; however, they did not
show any significant improvement of the model fit, which is consis-
tent with other reports in non-FA patients.2*!> Regarding the clear-
ance of busulfan, the primary pathway is conjugation with glutathione
in the liver by glutathione S-transferase (GST), with the GSTA1-1 iso-
form being the most active form of GST.>> As hepatic conjugation
capacity decreases in case of liver injury, this could affect the elimina-
tion of busulfan. Liver transaminases, ALT and AST, were elevated (ie,
above the 97th percentile of the healthy paediatric reference value
for that sex and age®®) in around half of the subjects, indicating poten-
tial liver damage in these patients. Yet these enzymes were not found

to be significant covariates, which might indicate that liver damage in
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terms of ALT or AST elevation does not essentially affect the conjuga-
tion of busulfan in our population. However, no conclusions can be
drawn due to the small sample size and the relatively small range of
transaminase values.

Age has been found to be a significant covariate associated with

161719 \while this was not

busulfan PK in non-FA paediatric patients,
observed in our analysis. This might be explained by the difference in
age in the study cohort, since the youngest patient in our study was
4.3 years of age, while other trials included patients as young as
0.1 years. Size-standardized busulfan clearance reaches 95% of the
adult value at 2.5 year of age.'” Hence, this could explain why no age
effect was observed in our study cohort.

In this study, multiple body mass descriptors were examined to
assess the effects of differences in body size on busulfan PK in pae-
diatric FA patients. FFM proved to be the most informative predic-
tive covariate and was implemented in the population PK model.
Using NFM gave the same model fit, since Ffat was estimated to be
virtually O for both elimination processes and physiological volumes
(ie, Ffat = 0.005 and 0.028 for clearance and volume, respectively).
It should be noted, however, that the deviation of Ffat from O could
not be adequately estimated due to small sample size and large
interindividual variability. The estimated values for Ffat are not in
accordance with what has been observed before by McCune et al.
since they found Ffat = 0.509 and 0.203 for clearance and volume,
respectively.'” This difference might be explained by the fact that
FFM was predicted by another approach that had been established
in adults, but not in children. If we used the same approach to esti-
mate FFM, we observed Ffat = 0.150 and 0.507 for clearance and
volume, respectively. Moreover, this resulted in a worse fit of the
model (AOFV = +10.91, P < 0.001) and fixing Ffat values to O fur-
ther decreased the fitness (AOFV = +22.58, P < 0.001), compared
to our final model. However, as stated earlier, Ffat values could not
be estimated adequately and are confounded by the allometric
model assumption, thus cannot be compared directly to those of
McCune et al.

The proposed model has a few limitations. The formula that was
used to calculate the FFM in children is based on patients with an age
range of 3-29 years. Moreover, as noted earlier, busulfan clearance is
different in neonates and small infants, most likely due to GST ontog-
eny.3” Clinicians should therefore exercise caution when applying this
model to children under the age of 3 years. However, median time to
develop marrow failure in patients with FA is 7 years of age.? Hence,
that scenario is not expected to occur commonly in clinical practice.
Furthermore, there were not enough data to determine the inter-
individual variability (IIV) for the peripheral compartment (V,) and
intercompartmental clearance (Q), so these values were fixed to O in
this study.

As weight increased in overweight patients, the Cs tended to be
higher in comparison to non-obese patients. However, three out of
four obese patients received the higher busulfan dose of 0.8 mg kg™t
TBM. To determine whether being in the higher dosed group of the
study or obesity was the cause of the higher C, steady-state concen-

trations were estimated in the simulated scenario in which all patients
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received the same 0.6 mg kg™! TBM dose. Still, obese patients were
predicted to be exposed to higher concentrations of busulfan than
non-obese patients (P = 0.0091). This could be explained by the ten-
dency of busulfan to distribute over total body water.3® Obese
patients have more adipose tissue that is unlikely to contribute to the
volume of distribution of busulfan due to its hydrophilic properties (ie,
logP = -0.36%), although total body mass is taken into account when
dosing the patient. That could also explain why, if patients received an
FFM-based dose, steady-state concentrations did not increase if the
patient was more overweight.

Individual Cs estimates for FFM-based dosing regimens show a
narrower IQR than TBM-based dosing regimens. This indicates that
dosing FA patients based on their FFM could reduce variability in
busulfan exposure and increase target Css attainment rate. In obese
patients, TBM-based dosing attained C at the higher end of the pop-
ulation distribution (eg, all obese patients above the proposed target
of Cs < 0.35 mg L™* following 0.8 mg kg* TBM). This was not
observed with an FFM-based dosing approach (eg, no obese patients
above target following 0.8 mg kg~ FFM), and this is thus expected to
reduce the risk of overdosing obese patients compared to the cur-
rently established TBM-based dosing strategy. We emphasize, how-
ever, that the current study is limited in sample size and that the
results are derived from modelling and simulation. The findings must
be further substantiated prospectively in a larger study.

5 | CONCLUSION

A population PK model of busulfan in paediatric FA patients that
incorporates FFM was developed that will allow improved prediction
of busulfan exposure. FA patients were found to have similar size-
normalized busulfan PK as non-FA patients. Conventional dosing,
which is based on an amount of busulfan per kg TBM, attains a higher
Css if the patient is more overweight, increasing the risk of overdosing.
Dosing based on FFM is expected to improve target exposure, espe-
cially in obese patients, since the achieved C,, is predicted to be unbi-
ased over a wide range of BMI values.
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