
Br J Clin Pharmacol

 

59

 

:3 314–324 314 © 2004 Blackwell Publishing Ltd

 

British Journal of Clinical Pharmacology

 

DOI:10.1111/j.1365-2125.2004.02319.x

 

Correspondence

 

C.E. Nath, Department of 
Biochemistry, The Children’s Hospital 
at Westmead, Locked Bag 4001, 
Westmead, NSW, 2145, Australia.

 

Tel:

 

 

 

+

 

61 2 98453287

 

Fax:

 

 

 

+

 

61 2 98453332

 

E-mail:

 

 christan@chw.edu.au

 

Keywords

 

Melphalan pharmacokinetics, children, 
weight, carboplatin, renal function 

 

Received

 

2 March 2004

 

Accepted

 

30 August 2004

  

Melphalan pharmacokinetics in children with malignant 
disease: influence of body weight, renal function, 

 

carboplatin therapy and total body irradiation

 

Christa E. Nath,

 

1,2

 

 Peter J. Shaw,

 

2,3

 

 Kay Montgomery

 

2

 

 & John W. Earl

 

1

 

Departments of Biochemistry

 

1 

 

and Oncology

 

2

 

, The Children’s Hospital at Westmead, NSW, 

 

3

 

Discipline of Paediatrics and Child Health, Sydney 
University, Australia

 

Aim

 

To analyse the pharmacokinetics of melphalan in 52 children (0.3–18 years) and
determine whether any clinical factors affect the pharmacokinetic parameters Addi-
tionally, to examine whether a test melphalan dose can predict the pharmacokinetics
of a full dose, when there are 5 intervening days of carboplatin therapy.

 

Methods

 

Melphalan concentrations were measured in 14 blood samples collected from each
child following doses ranging from 30 to 180 mg m

 

-

 

2

 

. The pharmacokinetics were
analysed with Kinetica 4.0.

 

Results

 

Children who did not have carboplatin (

 

n

 

 

 

=

 

 27) had median melphalan clearance
(CL) of 15.5 l h

 

-

 

1

 

 m

 

-

 

2

 

 (interquartile range: 12.4–19.9 l h

 

-

 

1

 

 m

 

-

 

2

 

) and steady state
volume of distribution (Vss) of 14.9 l m

 

-

 

2

 

 (interquartile range: 12.7–18.3 l m

 

-

 

2

 

).
Children who had carboplatin (

 

n

 

 

 

=

 

 25) had 34% lower median CL (10.2 l h

 

-

 

1

 

 m

 

-

 

2

 

)
and 18% lower median Vss (12.2 l m

 

-

 

2

 

) (

 

P

 

 

 

<

 

 0.001). Melphalan elimination was
impaired in a separate group of three children given concomitant carboplatin and
etoposide. Stepwise multiple linear regression indicated that weight, carboplatin,
glomerular filtration rate (GFR) and total body irradiation (TBI) significantly affected
CL, while weight and carboplatin influenced Vss. A test dose (10 mg m

 

-

 

2

 

) tended to
underpredict the area-under-the-concentration-

 

vs.

 

-time-curve for a full (180 mg m

 

-

 

2

 

)
dose in 19 individuals given carboplatin.

 

Conclusions

 

In children, melphalan CL is influenced by weight, carboplatin, TBI and GFR. Vss is
influenced by weight and carboplatin.

 

Introduction

 

Melphalan is an alkylating agent that has demonstrated
activity against a number of malignant diseases in chil-
dren [1]. High dose melphalan has been used as a single
agent or in combination with other anticancer agents

(e.g. carboplatin) before autologous haematopoietic
stem cell transplantation in the treatment of solid
tumours including advanced stage neuroblastoma, rhab-
domyosarcoma, soft tissue sarcoma and Ewings sar-
coma [2]. Haematological malignancies, including acute
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myeloid leukaemia (AML) and acute lymphoblastic leu-
kaemia (ALL), have also been treated with high-dose
melphalan alone or in combination with other anticancer
drugs and followed by autologous or allogeneic bone
marrow transplantation (BMT) [3, 4]. In these regimens,
melphalan is usually administered at doses ranging
from 140 to 200 mg m

 

-

 

2

 

. Dose escalation beyond
200 mg m

 

-

 

2

 

 is limited by myelosuppression and gastro-
intestinal tract toxicity [5–7], the severity of which has
been related to melphalan exposure [8, 9].

The main mechanisms of melphalan elimination are
renal excretion and spontaneous degradation to its mono
and di-hydroxy metabolites [10, 11]. However, there is
some debate about the relative importance of these two
modes of elimination. While some previous publications
have indicated that spontaneous hydrolysis is the most
important elimination pathway [11, 12], Gera 

 

et al.

 

 [13]
provide evidence that this pathway is relatively minor:
after 24 h of incubation at 37 

 

∞

 

C in whole blood and
plasma, the decrease in melphalan concentration due to
hydrolysis was only 5%. Human plasma proteins have
been found to retard the hydrolysis rate of melphalan
[14]. In water and in urine, however, melphalan under-
goes rapid decomposition [11, 14]. The chemical insta-
bility of melphalan in urine has made it difficult to study
the 24 h urinary excretion of melphalan and to assess
the importance of renal excretion as an elimination path-
way. Alberts 

 

et al.

 

 [11] found that the mean percentage
of the dose excreted unchanged in the urine over 24 h
in nine patients was only 13 

 

±

 

 5.4% (range: 1.5–21.6%),
while Reece 

 

et al.

 

 [10] obtained highly variable results
of 34.2 

 

±

 

 32.9% (mean 

 

±

 

 SD, 

 

n

 

 

 

=

 

 9) and a range of 2.5–
92.8%. These latter authors paid particular attention to
freezing the urine specimens rapidly. However, they
suggest that some losses could have occurred prior to
the collection and freezing of specimens, particularly in
the bladder, explaining the wide variability in their
results. The 24 h urinary excretion of melphalan was
probably underestimated in both of these studies. How-
ever, in three patients Reece 

 

et al.

 

 [10] recovered greater
than 60% of the dose in the urine over 24 h, suggesting
that renal excretion could be a very important elimina-
tion pathway for melphalan.

A number of researchers have investigated the phar-
macokinetics of melphalan in children [15–17] and they
have observed wide intersubject variability in the phar-
macokinetic parameters, with clearance estimates vary-
ing up to 10-fold. Most of these studies included only
small numbers of patients and did not identify sources
of variability in the pharmacokinetic parameters,
although some adult studies noted correlations with
glomerular filtration rate (GFR) [9, 18, 19]. Melphalan

pharmacokinetics have been previously shown to be lin-
ear with dose in patients not receiving carboplatin [9,
20], and a test dose was successfully used to determine
the dose required to provide a desired AUC [9]. How-
ever, linear pharmacokinetics and successful pharmaco-
kinetically-guided dosing have not been demonstrated
in patients receiving carboplatin.

The main aim of this investigation was to analyse the
pharmacokinetics of melphalan in children and to deter-
mine whether clinical factors such as weight, renal func-
tion, carboplatin therapy and total body irradiation
(TBI) affect the pharmacokinetic parameters. A second
aim was to examine whether a test dose of melphalan
can predict the pharmacokinetics of a full dose when the
two doses are separated by 5 days of carboplatin
therapy.

 

Materials and methods

 

Materials

 

Melphalan (Alkeran) for clinical administration and for
use as standards in the assay was obtained from Glaxo
Wellcome Australia Ltd.

 

Patients

 

A total of 52 children aged between 0.3 and 18 years
undergoing BMT for malignant diseases were involved
in the study. The Children’s Hospital at Westmead’s
Ethics Committee approved the study and the parents
of all children involved gave informed consent.
Table 1 gives the clinical details for these children.
Glomerular filtration rate (GFR) was determined for
all patients by measuring the plasma clearance of

 

43

 

Tc

 

99

 

-diethylenetriaminepentacetic acid.

 

Melphalan doses and BMT conditioning regimens

 

The chemotherapy regimens for the 52 children are
summarized in Table 1. A total of 27 children had no
carboplatin as part of their conditioning regimen (No
Carboplatin Group), with melphalan given as single
high doses of 140 or 180 mg m

 

-

 

2

 

, or as part of divided
dose schedules (3 days of 70 mg m

 

-

 

2

 

 or 4 days of
30 mg m

 

-

 

2

 

 melphalan). Of these, 10 children, following
the regimens of Valteau-Couanet 

 

et al.

 

 [21] or Watanabe

 

et al.

 

 [4], had busulphan prior to melphalan, while
14 had prior TBI. One child, who was scheduled for
busulphan and melphalan (140 mg m

 

-

 

2

 

) had impaired
renal function (GFR was 55 ml min

 

-

 

1

 

 1.73 m

 

-

 

2

 

) and was
given a reduced melphalan dose of 100 mg m

 

-

 

2

 

.
A total of 25 children received a 180 mg m

 

-

 

2

 

 mel-
phalan dose following 5 days of carboplatin according
to the regimen of Shaw 

 

et al.

 

 [2] (Carboplatin Group).
In 19 of these, a test dose of melphalan (10 mg m

 

-

 

2

 

) was
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administered prior to the carboplatin. The daily carbo-
platin dose was determined using a formula based on
GFR and surface area which aimed to achieve an area-
under-the-concentration-time-curve (AUC) of 4 mg
ml

 

-

 

1

 

 min

 

-

 

1

 

. Carboplatin was given as a 1 h intravenous
infusion in the evening (approximately 18:00 h) with
overnight hydration. Pre-transplant conditioning also
included TBI for eight children (given prior to mel-
phalan) and etoposide for one child.

 

Melphalan administration

 

All patients had a double lumen central line, so that
one lumen could be used for drug administration and
one for sampling. To avoid contamination, 5 ml of
blood was withdrawn and discarded prior to taking
each sample.

Melphalan was administered intravenously as a 15–
20-min injection in the majority of children (

 

n

 

 

 

=

 

 50), but
in two children the drug was administered over 20 min
using a burette with 10 min of flushing. Melphalan was
administered with double maintenance fluids.

 

Blood samples

 

Heparinized whole blood samples (2–3 ml) for the mea-
surement of melphalan concentrations were collected
prior to the infusion and then at 0 min, 5 min, 10 min,
15 min, 20 min, 30 min, 40 min, 50 min, 1 h, 2 h, 3 h,
4 h, 6 h, 12 h and 24 h after the infusion end. Plasma
samples were separated by centrifugation for 10 min at
4 

 

∞

 

C at 1500 g, then frozen and stored at 

 

-

 

40 

 

∞

 

C until
analysis. Samples were analysed within 1 week of col-
lection. Melphalan has previously been shown to be
stable in plasma for 3 weeks at 

 

-

 

20 

 

∞

 

C [22].

 

Melphalan assay

 

Melphalan was determined in plasma using a modified
version of a previous method [23]. Melphalan was
extracted from plasma (0.1 ml) by protein precipitation
with methanol (0.2 ml). After vortexing for 10 s and
centrifuging for 2 min at 12000 g, a methanolic extract
was obtained which was injected into the high perfor-
mance liquid chromatography (HPLC) system. The
HPLC system consisted of an ICI LC1100 pump (GBC
Scientific Equipment P/L, Dandedong, VIC, Australia)
and a Waters model 2487 dual wavelength UV detector
set at 254 nm (Waters Australia P/L, Rydalmere, NSW,
Australia). Melphalan was eluted with a retention time
of 13 min at ambient temperature using a Phenomenex
(25 cm 

 

¥

 

 4.1 mm, 5 micron, Spheri-5) column (Phe-
nomenex Australia, Lane Cove, NSW, Australia) fitted
with a Brownlee (1.5 cm 

 

¥

 

 3.2 mm, 7 micron RP-18)
precolumn (Alltech Associates P/L, Baulkham Hills,
NSW, Australia), a flow rate of 1 ml min

 

-

 

1

 

 and a mobile
phase consisting of 0.02 

 

M

 

 sodium phosphate pH 3.75
buffer and acetonitrile in 77 : 23 proportions. The
plasma melphalan concentration was determined by
comparing the sample peak height with those of
extracted plasma standards containing 0, 0.5, 1.0, 2.5,
5.0, 7.5, 10 and 15 

 

m

 

g ml

 

-

 

1

 

 melphalan. The between-day
coefficient of variation of the assay was 15% for a
3.2 

 

m

 

M

 

 concentration (

 

n

 

 

 

=

 

 25), 10% for a 8.3 

 

m

 

M

 

 con-
centration (

 

n

 

 

 

=

 

 12), 6% for a 16.3 

 

m

 

M

 

 concentration

 

Table 1

 

Clinical data of 52 children who received melphalan prior 
to bone marrow transplantation

 

Age (years) 5.6
Median (interquartile range) (3.2–9.9)
Weight (kg) 19.1
Median (interquartile range) (13.6–25.9)
Surface area (m

 

2

 

) 0.77
Median (interquartile range) (0.60–0.96)
GFR (absolute) (ml min

 

-

 

1

 

) 50
Median (interquartile range) (39–70)
GFR (normalized) (ml min

 

-

 

1

 

 1.73 m

 

-

 

2

 

) 110
Median (interquartile range) (94–137)
Diagnosis (number of patients)

Acute myeloid leukaemia 7
Acute lymphoblastic leukaemia 9
Non-Hodgkins lymphoma 3
Neuroblastoma 18
Rhabdomyosarcoma 6
Soft tissue sarcoma 3
Ewings sarcoma 2
Chondrosarcoma 1
Hepatoblastoma 1
Retinoblastoma 1
Mediastinal large cell lymphoma 1

BMT conditioning (Number of patients) 

Mel (4 

 

¥ 

 

30 mg m

 

-2) 

Mel (4 ¥ 30 mg m-2) + TBI + etoposide

Mel (3 ¥ 70 mg m-2) + BU 

Mel (100 mg m-2) + BU 

Mel (140 mg m-2) + BU 

Mel (140 mg m-2) + TBI 

Mel (140 mg m-2) + TBI + Thiotepa 

Mel (180 mg m-2) 

Mel (180 mg m-2) + CPT 

Mel (180 mg m-2) + CPT + TBI 

Mel (180 mg m-2) + TBI + Thiotepa 

Mel (180 mg m-2) + CPT + etoposide

1

2

4

1

5

8

3

2

16

8

1

1

BMT: Blood or marrow transplant; Mel: Melphalan; CPT:
carboplatin;  TBI: total body irradiation;  BU: busulphan.
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(n = 25) and 5% for a 24.1 mM concentration (n = 12).
The limit of detection of the assay was approximately
0.1 mM. The limit of quantification was approximately
0.5 mM. The calibration curve was linear over the range
1.6–131 mM melphalan.

Pharmacokinetic analysis
Melphalan pharmacokinetic parameters were deter-
mined using the computer software, Kinetica 4.0
(Innaphase, Philadelphia, USA). The area-under-
the-melphalan concentration-time-curve (AUC0–•) was
determined using mixed log linear rule. Additional phar-
macokinetic parameters were also generated including
clearance (CL), volume of distribution during the termi-
nal phase (Vz), volume of distribution at steady state
(Vss), mean residence time (MRT) and elimination half-
life (t1/2).

Investigating the influence of patient clinical factors on 
melphalan pharmacokinetics
Simple regression (implemented in SPSS version 10.0),
incorporating only single covariates, was used to deter-
mine the relative importance of different patient
covariates in explaining the variability in the pharmaco-
kinetic parameters. These covariates included weight,
weight0.75, age, height, surface area, normalized GFR,
carboplatin therapy, busulphan therapy and TBI. In this
analysis normalized GFR was converted to a categorical
variable where GFR values below the 20th percentile
(<87 ml min-1 1.73 m-2) were given the value of 1, and
GFR values = 88 ml min-1 1.73 m-2) were given the
value zero. Stepwise multiple linear regression was then
used to identify the most important, independent
covariates that significantly affected melphalan pharma-
cokinetic parameters. In this analysis the probability of
F-to-enter was £0.05, while the probability of F-to-
remove was ≥0.1. Regression equations describing the
relationships were generated.

The Mann–Whitney test (implemented in SPSS ver-
sion 10.0) was used to examine the effect of carboplatin
therapy on melphalan pharmacokinetics, but could not
be used for other categorical covariates (e.g. TBI and
busulphan therapy) because the treatment groups were
not matched in weight or age with the nontreatment
groups.

Linearity of melphalan pharmacokinetics within individuals 
given carboplatin
A total of 19 children received a test dose of 10 mg
m-2 melphalan followed by 5 days of carboplatin and
then a full dose of 180 mg m-2 melphalan. Melphalan
concentrations were measured after administration of

both the test and full doses and values for AUC(0-•)

determined. The test dose AUC was used to calculate a
predicted AUC for the full dose by multiplying the test
dose AUC by 18. This predicted AUC was then com-
pared with the observed full dose AUC using the paired
Wilcoxon Signed Ranks test.

Concomitant carboplatin and etoposide
Three children (separate from those in the main study)
received 3 days of melphalan concomitant with 24 h
intravenous infusions of carboplatin (dose range:
240–425 mg m-2) and etoposide (dose range: 200–
338 mg m-2) with prior TBI, according to the LA6 pro-
tocol [24]. The melphalan daily dose was 70 mg m-2 for
two of the children, while the other child, who was
younger than 2 years, received a weight-based dose of
2.3 mg kg-1 (or 52 mg m-2). Melphalan was given as a
2-min intravenous bolus injection. Carboplatin was
started immediately following the injection on day 1 and
continued throughout the 3 days of melphalan therapy.
Melphalan concentrations were monitored for a 24-h
period on day 3 of melphalan therapy and AUC(0-24 h)

determined using trapezoidal rule (implemented in
Kinetica 4.0). The shapes of the concentration vs. time
curves were compared with those obtained by five chil-
dren in the No Carboplatin Group receiving similar
70 mg m-2 doses.

Results
Melphalan concentrations
Figure 1 shows a log-plot of mean plasma concentration
vs. time curves for children who had a 180 mg m-2 dose
with prior carboplatin and for those who had 140, 30
and 10 mg m-2 doses with no carboplatin. Melphalan
was either not detected or very low at 6 h after dose
administration. Mean plasma melphalan concentrations
declined in multiple log-linear segments, indicative of
multicompartmental pharmacokinetics. Plots from indi-
vidual patients (data not shown) showed that the decline
in melphalan concentrations with time was either bipha-
sic (n = 36) or triphasic (n = 16).

Comparison with other pharmacokinetic studies
Our mean values for melphalan AUC(0–•), CL and Vss
from children who did not have carboplatin are gener-
ally in good agreement with those from previous stud-
ies which also involved children who did not have
carboplatin (Table 2). However, the group of 25 chil-
dren in our study who had prior carboplatin stand out
as having much higher AUC(0–•) values (for equivalent
doses) and lower clearance values. In Table 2 and in
Figure 2 it can be seen that, in the No Carboplatin
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Group, mean AUC tends to increase linearly with
dose.

Effect of carboplatin on melphalan pharmacokinetics
Children who had prior carboplatin therapy (n = 25)
were found to have 34% lower median melphalan clear-
ance (10.2 vs. 15.5 l h-1 m-2, P < 0.001), 18% lower
median Vss (12.2 vs. 14.9 l m-2, P < 0.001), 12% lower
median Vz (15.4 vs. 17.5 l m-2, P < 0.05) and a 32%
higher median elimination half-life (1.0 vs. 00.92 h,
P < 0.005) than 27 children who did not have carbopl-
atin (Table 3). The two groups of children did not differ
significantly in age.

Regression models describing the relationships between 
melphalan pharmacokinetic parameters and patient 
clinical factors
It was possible to develop significant (P < 0.001) simple
regression models for CL, Vss and Vz that incorporated
only weight, weight0.75, age, height or surface area. Of
these, the models incorporating only weight explained
the greatest amount of the variability in CL (80%), Vss
(85%) and Vz (84%). Weight0.75 explained an equivalent
proportion of the variability in CL (80%) but a slightly
lower proportion of the variability in V (83%) and Vss
(83%). Models with only carboplatin explained 23% of
the variability in CL (P < 0.001), 14% of the variability

Figure 1
Melphalan concentration vs.  time curves for 

children receiving different melphalan doses with 

or without prior carboplatin. For each time point 

mean concentrations and the lower and upper 

limits of the 95% confidence interval are shown. 

180 mg/m2, n = 25, carboplatin group ( ), 

140 mg/m2, n = 16, no carboplatin group ( ), 

30 mg/m2, n = 3, no carboplatin group ( ), 

10 mg/m2, n = 19, no prior carboplatin ( )

1000.00
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Table 2
Comparison of pharmacokinetic studies performed in children

Study Children (n)
Age range
(years) Dose (mg m-2)

AUC(0–•)*
(mg ml-1 h-1 ) CL* (l h-1 m-2) Vss* (l m-2)

This study 19 2–11 10 0.8 ± 0.4 16.6 ± 10.5 9.0 ± 2.6
No CPT 3 4–11 30 2.0 ± 0.6 14.9 ± 3.7 11.5 ± 1.1

4 0.3–6 70 5.4 ± 1.8 14.6 ± 5.5 16.3 ± 7.3
16 1–18 140 8.8 ± 3.2 17.6 ± 5.1 15.8 ± 3.2
3 5–13 180 10.6 ± 1.9 17.3 ± 3.3 17.6 ± 7.1

This study, prior CPT 25 1–12 180 19.0 ± 5.5 10.4 ± 3.5 11.4 ± 3.2
Tranchard et al. 1989 [20] 5 4–13 140 6.3 ± 2.0 19.9 ± 5.2 11.8 ± 2.8
Ardiet et al. 1986 [15] 15 1–14 140 6.6 ± 2.4 24.0 ± 9.0 19.6 ± 9.7
Gouyette et al. 1986 [16] 15

7

1–14

2–11

140

180

10.7 ± 5.5

7.2 ± 3.0

15.4 ± 5.8

29.9 ± 14.8

*Mean ±SD; CPT: carboplatin.
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in Vss (P < 0.005) and 10% of the variability in Vz (P <
0.05). Those incorporating only TBI explained 16% of
the variability in CL (P < 0.005), 8% of the variability
in Vss (P < 0.05) and 7% of the variability in Vz (P <
0.05). Normalized GFR (treated as a categorical vari-
able) explained 9% of the variability in CL (P < 0.05)
using simple regression. Therapy with busulphan was
not significant in any regression model.

Regression equations describing multiple linear
regression models for CL, V and Vss are shown in
Table 4. The model for CL incorporated weight, carbo-
platin therapy, normalized GFR and TBI. The model for
Vss incorporated weight and carboplatin therapy, while
the model for Vz incorporated only weight. The propor-
tion of variability in the pharmacokinetic parameters

explained by these regression models was 89% for CL,
86% for Vss and 84% for Vz. The standardized residuals
from the regression models each had means of zero and
distributions which were close to normal.

Melphalan dose reduction in one child with impaired renal 
function
One child with impaired renal function was given a
reduced melphalan dose of 100 mg m-2 instead of
140 mg m-2 and achieved an AUC(0–•) of 13.9 mg
ml-1 h-1. This level of exposure was comparable with
that of five other children on the same regimen who
received 140 mg m-2 melphalan and achieved a median
AUC(0–•) of 10.2 mg l-1 h-1 (interquartile range: 7.0–
16.9 mg l-1 h-1).

Table 3
Effect of prior carboplatin therapy on melphalan pharmacokinetic parameters

Parameter (units) No carboplatin Carboplatin Difference (95% CI)‡ Significance

Children (n) 27 25
Age (years) Median (interquartile range) 5.7 (3.3–11.4) 5.0 (3.0–8.7) -0.9, 3.6 NS*
Prior TBI (no. children) Yes/No 4/13 8/17 NS†
CL (l h-1) Median (interquartile range) 13.1 (9.1–20.4) 7.3 (5.7–9.8) 4.3, 12.7 P < 0.001*
CL (l h-1 m-2) Median (interquartile range) 15.5 (12.4–19.9) 10.2 (7.7–12.4) 3.6, 8.4 P < 0.001*
Vss (l) Median (interquartile range) 11.9 (8.4–18.5) 8.9 (6.8–10.3) 2.4, 11.7 P < 0.005*
Vss (l m-2) Median (interquartile range) 4.9 (12.7–18.3) 12.2 (8.5–13.4) 2.0, 6.3 P < 0.001*
Vz (l) Median (interquartile range) 13.9 (9.7–19.8) 11.6 (8.8–13.6) 1.7, 12.3 P < 0.05*
Vz (l m-2) Median (interquartile range) 17.5 (14.6–20.5) 15.4 (11.1–17.8) 0.6, 5.9 P < 0.05*
t1/2 (h) Median (interquartile range) 0.76 (0.67–0.99) 1.0 (0.81–1.25) -0.36, -0.04 P < 0.005*
MRT (h) Median (interquartile range) 0.92 (0.81–1.18) 1.12 (0.91–1.27) -0.32, 0.07 NS*

*Mann–Whitney test; †Chi square test, NS: Not significant; ‡Lower and upper limits of the 95% confidence interval of the
difference

Figure 2
Melphalan dose vs. dose group mean AUC 

(±SD) in children who did not have prior 

carboplatin therapy. The number of children (n) 

in each dose group is also shown
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Linearity of melphalan pharmacokinetics within individuals 
given carboplatin
The median full dose AUC that was predicted from a
test dose given to 19 children before starting carboplatin
was 14.3 mg ml-1 h-1 (interquartile range: 9.4–17.1 mg
ml-1 h-1). The actual observed AUC after 5 days of
carboplatin was 24% higher with a median value of
17.7 mg ml-1 h-1 and an interquartile range of 14.8–
23.9 mg ml-1. This difference was significant (P < 0.005)
using the paired Wilcoxon Signed ranks test.

Concomitant carboplatin and etoposide
Figure 3 shows log-plots of melphalan concentration vs.
time curves from three children who had concomitant
carboplatin and etoposide as well as mean levels from
five children who had similar 70 mg m-2 doses, but no
carboplatin. It can be seen that the shapes of these
curves differ markedly. During the terminal elimination
phase, melphalan concentrations in the children who
had concomitant carboplatin and etoposide remained
static, instead of declining in a log-linear fashion. It was
therefore impossible to determine the elimination half-
life. Melphalan persisted in the plasma of these children,
remaining at detectable levels even at 24 h after the
dose. In contrast, melphalan concentrations in children
receiving comparable 70 mg m-2 doses but no carbopl-
atin were generally below 1 mM at 4 h after the dose.

The mean peak concentration for the three children
receiving concomitant carboplatin and etoposide was
86.2 mM (range: 66–119 mM), which was 3.6-fold higher
than the mean peak concentration of 23.8 mM (range:
13.7–35.8 mM), obtained for the five children in the No
Carboplatin Group who had 70 mg m-2 melphalan. Con-

comitant carboplatin and etoposide result in high and
variable exposure to melphalan: AUC(0-24 h) values were
25.9, 43.0 and 96.2 mg ml-1 h-1 for melphalan doses of
2.3 mg kg-1, 70 mg m-2 and 70 mg m-2, respectively.
These values are 4.8–17.8-fold higher than the mean
AUC(0–•), of 5.4 ± 1.8 mg ml-1 h-1, obtained from chil-
dren receiving similar doses of 70 mg m-2 melphalan,
but no carboplatin.

Discussion
In this study, the decline in melphalan concentrations
with time was observed to be either biphasic or tripha-
sic. This suggests that melphalan distributes into multi-
ple compartments as has been previously observed [15,
25].

Rather than using a combination of two and three
compartment models to determine the pharmacokinetic
parameters, we used a noncompartmental pharmacoki-
netic analysis method. AUC(0–•) was calculated for all
patients except the three who had concomitant carbopl-
atin and etoposide, where the failure to observe a linear
decline in melphalan concentrations during the terminal
elimination phase made it impossible to extrapolate the
AUC to infinity. In these children AUC(0-24 h) was there-
fore determined using trapezoidal rule.

Patient weight was found to be the most important
clinical factor influencing melphalan pharmacokinetic
parameters. Using simple regression it was shown that
weight alone explained a large proportion of the vari-
ability in CL (80%), Vss (85%) and Vz (84%). If car-
boplatin, normalized GFR and TBI, in addition to
weight, are included in a multiple linear regression
model for CL, then there is only an additional 9% vari-

Table 4
Regression models describing the relationships between the influential patient covariates and the pharmacokinetic parameters 
of melphalan

Regression model Regression coefficients (B) Mean (95% CI) R2 F Significance

CL (l h-1) = B1 + B2WT + B3CPT B1: 4.77 (2.56, 6.98) B2: 0.37 (0.32, 0.42) 0.89 95 P < 0.001
+ B4GFR + B5TBI B3: -3.99 (-5.80, -2.17) B4: -2.84 (-5.08, -0.59)

B5: 2.10 (0.25, 3.94)

Vz (l) = B1 + B2WT B1: 2.36 (0.38, 4.33) B2: 0.52 (0.46, 0.59) 0.84 260 P < 0.001

Vss (l) = B1 + B2 WT + B3CPT B1: 2.50 (0.31, 4.68) B2: 0.45 (0.39, 0.50)

B3: -2.24 (-4.29, -0.19)

0.86 151 P < 0.001

WT: weight (kg); CPT: Prior carboplatin therapy (code: no = 0, yes = 1); TBI: Prior total body irradiation (code: no = 0, yes = 1);
GFR: GFR (code: 0 for GFR ≥ 88 ml min-1 1.73 m2, 1 for GFR < 87 ml min-1 1.73 m-2); 95% CI: lower and upper limits of the
95% confidence interval.
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ability explained when compared with the weight-only
model. Similarly, the inclusion of carboplatin explained
only 2% more of the variability in Vss than the weight-
only model. In children, weight is related to age, height,
surface area and absolute glomerular filtration rate.
Thus, simple regression analysis also identified these
other covariates as factors that significantly influence
melphalan clearance and volume of distribution. As chil-
dren grow and increase in size, there is an increase in
the size of the kidneys, in glomerular filtration rate and
in urine output, an increase in the volume of different
compartments in the body (e.g. the total body water
compartment). These changes may explain the increases
in melphalan clearance and volume of distribution with
weight and age.

Melphalan pharmacokinetic parameters were
strongly affected by prior carboplatin therapy. Children
who had prior carboplatin had 34% lower median esti-
mates of melphalan clearance and 12–18% lower
median estimates of volume of distribution than children
who did not have any carboplatin therapy. Additionally,

a test dose of melphalan failed to accurately predict the
AUC of a full dose when the two doses were separated
by 5 days of carboplatin therapy, providing further evi-
dence of an effect of prior carboplatin therapy upon
melphalan pharmacokinetics. Tranchard et al. [26] also
showed that 5 days of carboplatin administration prior
to a test dose of melphalan on day 6 and the full dose
on day 7 affected the linearity of melphalan pharmaco-
kinetics and the test dose did not accurately predict the
pharmacokinetics of the full dose. Pharmacokinetically-
guided dosing is therefore not possible in patients
receiving carboplatin.

In children not receiving carboplatin, the use of a test
dose of melphalan to predict the AUC of the full dose
is feasible as we found a linear relationship between
dose and mean AUC (Figure 2). The correlation
between dose and AUC was very close (r2 = 0.98), espe-
cially considering the dose-groups consisted of different
individuals and that there is considerable intersubject
variability in melphalan clearance. In this study the
ability of a test dose to predict the AUC of a full dose

Figure 3
(A) Mean melphalan concentration vs. time-curve (and 95% confidence intervals) in five children who had 70 mg m-2 doses, and no carboplatin; 

(B) melphalan concentration vs. time curves in three children who had concomitant carboplatin and etoposide. Patient 1: 70 mg/m2 melphalan with 

carboplatin and etoposide ( ), patient 2: 70 mg/m2 melphalan with carboplatin and etoposide ( ), patient 3: 23 mg/kg melphalan with carboplatin 

and etoposide ( ), 70 mg/m2 melphalan, mean of 5 children (96% CI), no carboplatin (�)

(A) Mean melphalan concertrations (95%Cl) in
5 children given 70 mg/m2 doses (no carboplatin)

(B) Melphalan concertrations on day 3
of therapy in 3 children also given
concomitant carboplatin and etoposide
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was not investigated in children not receiving carbopl-
atin because previous researchers have already demon-
strated linear melphalan pharmacokinetics in the same
individuals [20] and have successfully used the test
dose method to adjust the dose to achieve a target AUC
[9].

In this study low normalized GFR (<87 ml min-1

1.73 m-2) was identified as a significant determinant
of melphalan clearance using stepwise multiple linear
regression. The negative sign in the regression equation
indicates that clearance tends to be lower when normal-
ized GFR is low. This finding is consistent with previous
studies showing increased toxicity [5, 27, 28] and
decreased clearance of melphalan [28] when renal func-
tion is impaired. Dose reduction in renal impairment
may therefore be necessary and is suggested by the
results of a large Clinical Cancer and Leukaemia Group
B study where patients with renal dysfunction were
found to have significantly increased toxicity which was
improved by a 50% reduction in dose [5]. In the present
study, one child had a very low GFR (55 ml min-1

1.73 m-2) prior to busulphan/melphalan conditioning
[21] and received a 29% reduced dose of melphalan
(100 mg m-2 instead of 140 mg m-2). Exposure to mel-
phalan was still more than adequate in this child, as the
AUC obtained (13.9 mg ml-1 h-1) was comparable with
that achieved by the five other children on a similar
regimen, who had a median AUC of 10.2 mg ml-1 h-1.
This result suggests that melphalan doses should be
reduced in children with impaired renal function. How-
ever, it will be necessary to study a greater number of
children with renal impairment to confirm this.

Regression analysis showed that prior TBI was asso-
ciated with higher clearance of melphalan. Kergueris
et al. [18] also noted that clearance of melphalan tended
to be higher after TBI, but significance was not demon-
strated because of the small number of patients in that
study.

The children who had 24 h intravenous carboplatin
and etoposide concomitant with melphalan according
to the LA6 protocol were found to have impaired elim-
ination of melphalan and achieved high concentrations
of melphalan in plasma. On day 3 of melphalan therapy
when carboplatin and etoposide are presumably at
steady state, exposure after 24 h (AUC(0-24 h)) ranged
from 25.9 to 96.2 mg l-1 h-1 and were 5–20-fold higher
than the mean AUC(0–•) of 5.4 mg l-1 h-1, that was
achieved by children receiving comparable doses of
70 mg m-2 melphalan but no carboplatin. It is likely
that this very high exposure to melphalan may result
in severe toxicity. Patients with poor renal function
may be particularly vulnerable on this protocol since

impaired renal function, in addition to concomitant car-
boplatin therapy, may lead to increased exposure to
melphalan. Indeed, in one report all toxic deaths occur-
ring in children treated according to the LA6 protocol
were in children with low GFRs [24]. Another problem
with this conditioning regimen is the high degree of
variability in melphalan exposure, which may lead to
variable and unpredictable outcomes. It should be
noted that it is unclear from our study whether it is
carboplatin or etoposide which interacts pharmacoki-
netically with melphalan. However, Peters et al. [29]
observed altered pharmacokinetics and a prolonged
plasma melphalan elimination half-life in adult patients
receiving concomitant cisplatin, a drug similar to
carboplatin. This, and our results showing altered
melphalan pharmacokinetics with prior carboplatin
therapy, strongly suggest that it is carboplatin which
alters the pharmacokinetics of melphalan but further
studies are needed to clarify this.

An interaction between melphalan and carboplatin
could occur through a number of mechanisms. Evidence
from three studies [10–12] suggest that renal clearance
is an important route for melphalan excretion. Carbopl-
atin is also primarily eliminated by the kidneys [30] and
may compete with melphalan for renal clearance. Plat-
inum therapy has also been known to induce renal dam-
age [31]. In one series, half the patients developed
reduced GFR during carboplatin therapy [32]. It is there-
fore possible that 5 days of carboplatin therapy may
have an immediate effect on renal function, resulting in
reduced elimination of melphalan. Plasma protein bind-
ing interactions are another possible source of interac-
tion between melphalan and carboplatin. Further studies
are required to determine which mechanisms are
responsible.

This preliminary study on melphalan pharmacokinet-
ics uses a traditional two-stage analysis method. After
acquiring additional data we intend to develop a popu-
lation pharmacokinetic model for melphalan that will
use the mean estimates for CL and V from this study as
prior estimates for the population analysis. A population
pharmacokinetic model will ultimately provide more
reliable estimates of pharmacokinetic variability.

In this study we found that weight explained a high
proportion of the variability in clearance and volume of
distribution. Prior carboplatin therapy and low GFR
values (<87 ml min-1 1.73 m-2) were found to decrease
melphalan clearance, while prior TBI increased clear-
ance. In a limited number of children, we also observed
extremely high and variable exposure to melphalan
when it was administered concomitantly with carbopl-
atin and etoposide. This has the potential to cause severe
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toxicity in some patients. A pharmacokinetic interaction
between melphalan and carboplatin or etoposide needs
to be investigated further.
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