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ABSTRACT

In bone marrow transplantation, high-dose busulfan is given p.o., usu

ally every 6 h over 4 consecutive days. Since this repeated administration
might alter busulfan disposition, fluctuations in busulfan plasma levels
were studied over the 4-day treatment period in 21 children (median age,

5 years) with malignant solid tumors. In addition, urinary excretion of
unchanged busulfan was measured every 6 h in 4 patients. Busulfan (37.5
nig/in- for 16 doses) was given on an empty stomach at 12 p.m., 6 p.m.,

midnight, and 6 a.m. for 4 consecutive days, starting at 12 p.m. Trough
plasma levels, i.e., concentration 6 h after each dose and just before the
next one, and urinary excretion of busulfan were measured using a gas
chromatography-mass spectrometry assay. Busulfan trough plasma levels

exhibited a significant circadian rhythm with a higher mean level at 6 a.m.
compared to that at 12 p.m., 6 p.m., and midnight. This rhythm was
characterized by a double amplitude (mean Â±SD) of 42 Â±14% and an
acrophase (maximum) occurring at 5:48 a.m. Â±115 min. In addition, once
the steady state was reached, no decreasing trend was observed in any
patient. Busulfan renal clearance proved to be low since only 5.4 Â±1.2%
of the given dose were excreted unchanged in urine. In the 4 patients
studied, busulfan urinary excretion exhibited a significant circadian
rhythm which was apparently linked to the physiological circadian
rhythm in urinary ouput. Ten of 20 Ã©valuablepatients developed hepatic
venoocclusive disease (HVOD). A significant circadian rhythm in the
plasma level was found in both HVOD and non-HVOD patients with no
difference between the two groups with regard to the 24-h mean, ampli

tude, or acrophase. Thus, the circadian changes in busulfan trough plasma
levels observed at the steady state were not related to the occurrence of
HVOD in these children with solid tumors. Moreover, since this rhythm
was stable from day 2 to day 4, it should not compromise dose adjustment.

INTRODUCTION

Busulfan is an alkylating agent used at high doses in combined
chemotherapy regimens before allogeneic and autologous bone mar
row transplantation. Busulfan is given p.o., usually every 6 h up to a
total of 16 doses over 4 consecutive days. Since busulfan is highly
biotransformed in the liver (1, 2), this repeated administration may
alter its disposition.

Recent studies have shown time-dependent alterations in high-dose

busulfan pharmacokinetics in humans. A continuous decrease in mean
plasma concentrations was observed in some patients over the 4 days
of treatment suggesting that busulfan may induce its own metabolism
(3, 4). Moreover, in some patients, mean busulfan plasma levels
exhibited cyclic variations within 1 day with higher levels at night
than during the daytime (4). The mechanisms of such temporal
changes and their relevance for drug toxicity and efficacy remain
unknown.

In order to address this issue, time-dependent variations in busulfan

pharmacokinetics were studied in 21 children with malignant solid
tumors. All children received a busulfan containing high-dose chemo-
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therapy followed by bone marrow transplantation. In this setting, the
busulfan AUC1 was strongly correlated with its plasma level at 6 h

(trough concentration) (5). In the present study, trough plasma levels
of busulfan were measured every 6 h over the whole 4-day treatment

period. In addition, temporal changes in urinary excretion of un
changed busulfan were studied in 4 patients. Since HVOD has re
mained a major concern in bone marrow transplantation, we studied
the effect of time-dependent alterations of busulfan disposition on the

occurrence of liver toxicity.

MATERIALS AND METHODS

Patients. Twenty-one children with a median age of 5 years (range, 1.25-

12.20 years) were included in the pharmacokinetic study. There were 8 boys
and 13 girls. All the patients were treated for malignant solid tumors (Table I ).
High-dose chemotherapy was followed by allogeneic and autologous bone

marrow transplantation in 1 and 20 patients, respectively.
Treatment. Busulfan (Misulban; Techni-Pharma Laboratory, Monaco Prin

cipality) was given orally at adose of 37.5 mg/m2 every 6 h over4consecutive
days, i.e., a total dose of 600 mg/m2. Capsules containing the prescribed dose

were made of pure busulfan and lactose. The capsules were either swallowed
or opened and mixed with preserves for the very young children. The treatment
started al 12 p.m. in all patients. Thus, busulfan was given at 12 p.m., 6 p.m.,
midnight, and 6 a.m. on each day. Busulfan was always given on an empty
stomach (no food or liquid intake for the 2 h preceding and the 30 min
following each dose).

Busulfan was always given as a single drug for 4 days along with continuous
iv-infusion of clonazepam (0.1 mg/kg/day) to prevent busulfan-induced sei
zures. At completion of therapy, cyclophosphamide (4.4 g/m2 over 2 days),
thiotepa (900 mg/m2 over 3 days), and/or melphalan (140 mg/m2) were ad

ministered (Table I ). High-dose chemotherapy was delivered along with hy-
perhydration (3 liters/m2).

Kidney, liver, and cardiac functions were normal before treatment in all
patients. No prophylaxis against hepatic venoocclusive disease was used. Pa
tient 9 who underwent allogeneic bone marrow transplantation was given
rnethotrexate to prevent graft-w/mÃ®-host disease. All patients were treated

under isolated reverse barrier and laminar air flow conditions. The sleeping
period was from 9 p.m. to 8 a.m. However, children were awakened at mid
night and 6 a.m. to take busulfan.

Liver Toxicity. Venoocclusive disease of the liver was diagnosed according
o Mac Donald's criteria (6): (a) hepatomegaly; (b) jaundice or hyperbiliru-

binemia > 25 UM:(c) ascites and/or weight gain greater than 5c/r. At least 2

criteria must be present to meet the diagnosis. Twenty patients were Ã©valuable
for liver toxicity. One patient died on day 2 post-bone marrow transplantation.

Blood and Urinary Sampling. Heparini/.ed whole blood samples (2 ml)
were drawn through indwelling venous catheters. Samples were obtained every
6 h, just before the oral intake of the next dose. Thus, trough plasma levels
were measured at 12 p.m., 6 p.m., midnight, and 6 a.m. from day 1 to day 4.
Blood samples were kept at 4Â°Cand centrifuged within 1.5 h. Plasma was
frozen at -80Â°C until analysis.

In 4 patients, urine was collected on ice during the 6-h periods from day 1

to day 5. starting at 12 p.m. on day 1. Urine samples were then frozen until
analysis.

The study was designed in accordance to the recommendations of the Ethics
Committee. Parents were informed and asked for their consent.

1The abbreviations used are: AUC, area under the curve: HVOD, hepatic venoocclu

sive disease; ANOVA. analysis of variance.
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Table 1 Palien! and treatment characteristics

Patient1234567g9*101112131415161718192021SexFFMFMMMFMMFFFMFFFFMFFAge(yr)1.252.412.753.23.2544445.56.654.835.838.258.49.62.66g12.2DiseaseNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaNeuroblastomaBrain

tumorBrain
tumorBrain
tumorBrain
tumorBrain
tumorEwing's

sarcomaEwing's
sarcomaEwing's
sarcomaEwing's

sarcomaTreatmentBU"-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-LPAMBU-CPM-TTPBU-TTPBU-TTPBU-TTPBU-TTPBU-TTPBU-LPAMBU-LPAMBU-LPAMBU-LPAMHVODYesNoNoYesYesNoNoYesNoNoYesYesNoNoYesYesNoYesNoYes

" BU. busulfan; CPM. cyclophosphamide; LPAM. melphalan.
h Patient who underwent allogeneic bone marrow transplantation.

Busulfan Assay. As previously described (7), busulfan plasma and urine
levels were measured using a gas chromatography-mass spectrometry assay
with a deuterated analogue, busulfan-Â¿j, as an internal standard.

Statistical Analysis. Trough plasma levels were plotted as a function of
sampling time. Urinary volume and the amount of unchanged busulfan were
also plotted as a function of the midpoint in the urine collection period. Data
were first analyzed by plexograms and ANOVA. Individual and pooled time
series were further analyzed with the cosinor method (8). with a period (T) of
24 h. This linear least squares method estimates the rhythm characteristics such
as the mesor (rhythm-adjusted meanl, the double amplitude (2A. difference

between minimum and maximum of fitted cosine function) and the acrophase
(if, time of maximum in fitted cosine function, with local midnight as refer
ence). A rhythm is detected (with regard to T) when the amplitude differs
significantly from zero (non-null amplitude test). For individual time series
analyses, we considered a probability level of 90% as suggestive. The com-
parisions between HVOD and non-HVOD patients were carried out using the
Student's r test and the Yates' x2 test-

RESULTS

Trough plasma levels exhibited a wide inter- and intrapatient vari

ation, ranging from 96 to 1770 ng/ml. When mean Â±SEM trough
plasma levels were plotted as a function of time, a cyclic variation
within 1 day was observed with higher levels at 6 a.m. compared to
that at 12 p.m., 6 p.m., and midnight (Fig. 1). These fluctuations were
not due to inappropriate compliance to the prescribed drug schedule
since the mean interval between 2 doses was 6.00 h Â±8 min (Â«= 306;
range, 5.48-6.12 h).

These temporal variations were analyzed with data obtained at the
steady state, i.e., after the 4th dose, over three 24-h periods (days 2, 3.

and 4). ANOVA revealed a significant effect of sampling time on
trough plasma levels (n = 247, P = 0.002). No difference was found

between days 2. 3, and 4. Regression analysis of individual trough
plasma levels versus the sampling time curve over these 3 days did not
show a significant increase or decrease in any patient. Thus, periodic
changes along the 24-h time scale were analyzed with a period of 24

h. Mean Â±SEM varied from 790 Â±47 ng/ml at 6 a.m. to 530 Â±29
ng/ml at 6 p.m. Cosinor analysis of pooled time series documented a
significant group circadian rhythm in trough plasma values (P <
0.0001). The mesor Â±SD and the double amplitude Â±SD were 628
Â±18 ng/ml and 42 Â±14%, respectively. The acrophase occurred at
5:48 a.m. (SD = 115 min). Cosinor analysis was also performed on

each patient time series. A circadian rhythm (P < 0.10) was observed

in 8 patients (patients 1, 2, 4, 8, 9, 11, 15, and 21), 7 of whom were
girls (Table 2). These 8 patients did not differ from patients without a
circadian rhythm at the individual level with regard to age, disease,
and high-dose chemotherapy.

Urine samples were collected in 4 patients (patients 7, 8, 19, and
20). Urinary excretion of unchanged busulfan was completed within
24 h after the last dose. The mean amount of busulfan excreted in
urine represented 5.4 Â±1.2% of the ingested total dose. Fluctuations
in urinary excretion of busulfan and urine output within 1 day were
analyzed with a period of 24 h over three 24-h spans, i.e., after the 5th

dose. ANOVA revealed a significant effect of sampling time on both
the amount of busulfan excreted within each 6-h interval (P < 0.001 )
and the 6-h urine volume (P = 0.002). Cosinor analysis of pooled

time series suggested that busulfan urinary excretion varied according
to a circadian rhythm (P = 0.06) with a double amplitude of 61 % and

an acrophase occurring at 1:25 p.m. In addition, a circadian rhythm
was identified in urinary output (P = 0.001). The plexogram display

suggested that both rhythms were linked (Fig. 2). This was confirmed
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Fig. 1. Temporal changes in mean busulfan trough plasma level over the 4-day treat
ment period in 21 children. Plasma level was measured every 6 h, just before next dose.

Table 2 Results after cosinor analysis of busulfan trough plasma levels, \\'ith a period

of 24 h: individual and pooled time series

Patient1234567g9101112131415161718192021Pooled

seriesMesor

Â±SD
(ng/ml)411

Â±34634
Â±60460

Â±76582
Â±36475
Â±58597
Â±323I4Â±27423

Â±43860
Â±73616

Â±72768
Â±72596
Â±62885
Â±45515
+541.156

Â±83863
Â±35744

Â±75436
Â±37779
Â±94600

Â±25458
Â±44628

Â±18Double

amplitude" Â±SD<<7r)71

Â±6875704369331879114

Â±723493

Â±78182374

Â±5917655339277642

Â±14Acrophase''

Â±SD

(h)2.6

Â±4.95.95.15.04.323.92.24.79.3

Â±2.75.55.2

Â±3.73.91.42.46.7

Â±3.62.07.35.714.h2.54.75.8

Â±1.94f0.040.060.330.090.190.130.740.060.0010.610.020.960.450.720.010.380.120.130.540.120.06().(XK)I
" Double amplitude is expressed as a percentage of the mesor.
h Time of maximum.
' From an F test of the rejection of the null-amplitude hypothesis.
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Fig. 2. Circadian changes in urinary output and in urinary excretion of unchanged
busulfan in 4 patients. Urinary output (O) is measured as 6-h urine volume. Urinary
excretion of busulfan (â€¢)is measured as the amount of unchanged busulfan excreted in
urine within 6 h. Data are expressed as a percentage of the mesor. Statistical significance
was validated with both ANOVA and cosinor methods.

by a regression analysis which demonstrated a strong correlation
between urine volume and the amount of busulfan excreted in the 6-h
urinary collections (r = 0.89, P < 0.0001).

According to Mac Donald's criteria, 10 of 20 Ã©valuablepatients

developed HVOD (Table 1). The diagnosis of HVOD was made with
2 and 3 of MacDonald's criteria in 1 and 9 patients, respectively. The

median day of onset was day 14 (range, 6-42) and the median duration
was 16 days (range, 5^t5). The patient who underwent allogeneic

bone marrow transplantation did not develop HVOD. All HVOD
cases resolved. Univariate analysis showed no significant difference
between HVOD and non-HVOD patients with regard to age, sex,

busulfan dosage, number of alkylating agents in the chemotherapy
regimens, and mean trough plasma level over the 4-day treatment
(Table 3). When data from HVOD and non-HVOD patients were

analyzed separately with the cosinor method, a significant circadian
rhythm was observed in the two groups, with no difference in mesor,
double amplitude, or acrophase.

DISCUSSION

A circadian rhythm has already been reported in the pharmacoki-

netics of several anticancer drugs such as Adriamycin (9), cisplatin
(10, 11), 5-fluorouracil (12-14), and 6-mercaptopurine (15) in hu

mans. Our study demonstrates that busulfan disposition exhibits a
circadian rhythm in children with malignant solid tumors who are
given clonazepam. Mean trough plasma levels predictably and repro-

ducibly increase by 42% during the night. Since the trough plasma
level was correlated with the AUC (5), this suggests that total plasma
clearance, corrected for biovailability, may exhibit a significant de
crease during nighttime compared to daytime. In a group of 9 children,
Hassan et al. (4) found a significant increase in plasma levels at night,
with a double amplitude of 47 and 29% in children under and over the
age of 5 years, respectively. No such difference was found in adult
patients. Recently, Grochow et al. (16) reported fluctuations of busul
fan plasma levels within 1 day in adult patients. In addition, our study
showed that a rhythm was also identified in 8 of the 21 patients.

A significant chronobiological variation in the elimination of some
anticancer drugs, such as cisplatin, has already been demonstrated in

rodents and in humans (10, 17). In the 4 patients studied, the renal
excretion of unchanged busulfan exhibited a cyclic variation over 24
h with higher values in the daytime than in the nighttime. This rhythm
was related to the physiological circadian rhythm in urine output.
Because of the limited number of patients, the relation between tem
poral changes in busulfan urinary excretion and plasma circadian
rhythm could not be definitely ruled out. However, the contribution of
renal clearance to the total body clearance rate is very low since only
5.4% of the dose was found in urine. These results are in good
agreement with those obtained in adults (3). Thus, a circadian rhythm
in renal clearance is very unlikely to contribute to the circadian
variation in plasma trough levels.

Recently, Hassan et al. (18) showed that busulfan was particularly
highly distributed in the liver of a nonhuman primate using "C-

busulfan and positron emission tomography scan. Actually, busulfan is
highly metabolized in the liver through enzymatic conjugation to
glutathione, both in rodents and in humans (1-3). Several studies have

reported circadian rhythms in hepatic metabolizing functions in ro
dents; these include NADPH-dependent lipid peroxidation (19), glu-
curonide and sulfate conjugation (20), and P-450 mono-oxygenase

function (21, 22). Hepatic reduced glutathione and not glutathione
transferases exhibits chronobiological variations in both mice and rats
(19, 23). Since busulfan is highly conjugated to glutathione. the cir
cadian changes in hepatic glutathione content may be involved in the
circadian variations in busulfan plasma pharmacokinetics. Interest
ingly, the reduced glutathione peak level in the liver occurs during the
final phase of the active time period in mice and rats (19, 23). Given
the 12-h difference in the sleep-wakefulness cycle between these

rodents and humans, the liver glutathione peak is most likely to occur
during the first part of the night in humans.

A steady decrease in busulfan plasma levels over the 4-day treat

ment period has been documented in about 40% of adults and chil
dren, suggesting that busulfan may induce its own metabolism (3, 4).
However, the simultaneous administration of drugs that alter the liver
metabolism may also be involved in this decrease. Since high-dose

busulfan induces seizures (24, 25), anticonvulsive drugs are widely
used in bone marrow transplantation chemotherapy regimens.
Fitzsimmons (26) showed that phenytoin, phÃ©nobarbital,or aroclor
dramatically decreases the lethal effects of a myeloablative dose of
busulfan in mice. In our study, none of the 21 patients exhibited a
decrease in trough plasma levels obtained when the steady state was
reached. Clonazepam was used in order to prevent busulfan-induced

seizures (24). Recently, Hassan et al. (27) showed a significant de
crease in plasma half-life and AUC between the first and 16th dose of

busulfan in patients who were given phenytoin. No such alteration,
however, was found in patients who were given diazepam. Altogether,
these results indicate that phenytoin and phÃ©nobarbital should be
avoided in high-dose busulfan-containing regimens.

Table 3 Univariate analysis of risk factors in HVOD and non-HVOD patients
Data are expressed as mean Â±SD. Statistical analyses were conducted using Student's

t test. Sex ratios were compared by Yates' \2 test.

No HVOD VOD

Patients andtreatmentNo.
ofpatientsMedian

age (range)(yr)Sex
ratioNo.

of alkylatingagentsDose
of busulfan/6 h(mg/kg)Mean
trough plasma level(ng/ml)Cosinor

analysisMesor
(ng/ml)Double

amplitude"(%)Acrophase*
(h)f104.8

(1.25-12.2)1.42.6

Â±0.524
Â±10598

Â±212626

Â±2943
Â±216.5

Â±2.70.001104

(2.4-8.25)1.82.5

Â±0.526
Â±10630
Â±171635

Â±2546
Â±204.9

Â±3.00.003NS"NSNSNSNSNSNSNS

' NS. not significant.
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The incidence of HVOD was high in these 20 patients, but no
patient died of HVOD. We have recently reported a multivariate
analysis of risk factors for HVOD in 136 children treated with a
busulfan-containing regimen (28). Of 64 children who were given a
dose of 600 mg/m2, 25 developed HVOD (39%; 95% confidence

interval, 27-51%). Three independent risk factors were identified: (a)

the dose of busulfan; (b) the number of alkylating agents; and (c) the
concomitant use of ketoconazole. In the present study, patients did not
receive ketoconazole and the number of alkylating agents did not
differ between patients with and without HVOD.

Grochow et al. (29) found a significant correlation between the
occurrence of HVOD in adults and a high systemic exposure to
busulfan after the first dose. Since a toxic threshold has been defined,
drug monitoring and dose adjustment of busulfan may reduce the
incidence of HVOD in bone marrow-transplanted adult patients.

Busulfan pharmacokinetic parameters will need to be measured after
the first dose on day 1 and the dose adjusted on day 2. Fluctuations of
plasma levels within 1 day may compromise the efficacy of such a
dose adjustment. Our study demonstrates that: (a) chronobiological
variations at steady state do not seem to be involved in the occurrence
of HVOD, at least not in these children with solid tumors, since a
circadian rhythm was identified in both HVOD and non-HVOD pa

tients; (b) when the steady state is reached, circadian variations in
plasma levels remain stable over 3 consecutive days. Thus, these
circadian changes in busulfan disposition may not counteract dose
adjustment in children, as recently reported in adults (16).
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