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Summary: involving the developing central nervous system, endocrine
system and skeletal system, can be avoided.

Busulfan pharmacokinetics have been studied sinceWe analyzed plasma pharmacokinetics of busulfan in
64 children and young adults (age 2.8–26; median 11 Ehrsson and Hassan1 developed a gas chromatographic

assay for plasma in 1983. In a preliminary study we haveyears) with homozygous b-thalassemia transplanted
with bone marrow from HLA-identical sibling donors. shown previously that variations in plasma pharmacokinet-

ics may be age-dependent, with children younger than 5A uniform conditioning regimen was employed, using
busulfan 14 or 16 mg/kg in 12 divided doses, and cyclo- years having a shorter elimination half-life than adults.2

Several other studies reported the relationship between highphosphamide 120 or 200 mg/kg. Three sets of para-
meters were examined in this homogenous patient popu- busulfan plasma levels and drug-related toxicities, namely

hepatic veno-occlusive disease (VOD) and seizures.3,4 Anlation: (1) factors that affect the plasma kinetics of
busulfan, such as age and pre-transplant liver status inverse correlation was seen between steady-state busulfan

plasma concentration and graft rejection in unrelated donordefined by liver function tests, ferritin levels and liver
biopsy; (2) busulfan-related toxicity: occurrence of BMT in patients with multiple diagnosis.5

However, all previous studies were conducted analyzingveno-occlusive disease, seizures and idiopathic inter-
stitial pneumonitis; and (3) the relationship between heterogeneous patient populations. There has been no study

in a large, uniform group of patients with a single disease,busulfan exposure and transplant outcome: engraft-
ment delay or rejection, aplasia, occurrence of mixed without pre-transplant chemotherapy.

We analyzed plasma pharmacokinetics of busulfan in 64chimeras and mortality. Kinetic analysis of first and
10th dose (using area under the curve (AUC), maximum children and young adults with homozygousb-thalassemia

transplanted with histocompatable sibling bone marrow. Aand minimum concentration) as comparable, showing
no sign of accumulation or decline in busulfan plasma uniform conditioning regimen was employed, using busul-

fan 14 or 16 mg/kg and CY 120 or 200 mg/kg. Busulfanlevels over time. Age and liver status did not influence
busulfan metabolism. No relationship was found clearance in relation to age and pre-transplant liver status

was assessed and the relationship of busulfan exposure tobetween busulfan exposure and toxicities or transplant
outcome. We conclude that busulfan monitoring is not engraftment, graft rejection and toxicities was studied.
predictive in children and young adults with homo-
zygousb-thalassemia receiving busulfan and high-dose
cyclophosphamide along with histocompatable sibling Materials and methods
donor marrow.
Keywords: bone marrow transplantation; busulfan; Patient population
pharmacokinetics; thalassemia

From March 1990 to June 1991, 64 children and young
adults with homozygousb-thalassemia underwent bone
marrow transplantation from genotypically HLA-identical

Busulfan is a fundamental part of myeloablative regimenssibling donors at the Center for Bone Marrow Transplan-
used for patients undergoing bone marrow transplantationtation of Muraglia, Pesaro, Italy. Patient ages ranged from
for malignant and non-malignant conditions. High-dose2.8 to 26 years (median 11 years). Eleven patients (17%)
busulfan in combination with cyclophosphamide (CY) is were older than 18 years of age. Conditioning consisted of
particularly attractive in children, as significant total body busulfan 14 mg/kg and CY 200 mg/kg (50 mg/kg/dose3 4
irradiation-related mortality and morbidity, especially daily doses) with CsA alone as GVHD prophylaxis

(regimen A) or busulfan 14 or 16 mg/kg, CY 120 mg/kg
(60 mg/kg/dose3 2 daily doses) with CsA, CY (7.5 mg/kgCorrespondence: Dr AB Pawlowska, University of Minnesota Academic
on day+1) short-course MTX (10 mg/m2 on days+3 andHealth Center, 420 Delaware St SE, Minneapolis, MN 55455, USA

Received 21 April 1997; accepted 23 July 1997 +6) with or without ALG as GVHD prophylaxis (regimen
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B). The conditioning regimen was selected based on theHPLC assay for busulfan
patient’s disease class. Degree of hepatomegaly (.2 cm

A modification of the previously described HPLC assay forbelow the costal margin), presence of portal fibrosis and
busulfan was used for specimen analysis.9 Standard curves,quality of chelation during the years before transplant were
run with each batch of patient samples analyzed, were usedused to divide patients into three classes according to the
to quantitate busulfan. Busulfan (kindly supplied by Bur-absence of all risk factors (class 1), the presence of one or
roughs-Welcome, Research Triangle Park, NC, USA) wastwo factors (class 2), or the presence of all three (class 3).
dissolved in ethyl acetate at a concentration of 75mm. ToPatients in class 1 and 2 were prepared for transplantation
generate busulfan standard curves the stock solution wasusing regimen A, and patients in class 3 were given regi-
further diluted in plasma to the following concentrationsmen B6,7 (Table 1). Bone marrow infused on day 0 con-
prior to analysis: 0.5, 1.0, 2.5, 5.0, 10mm.tained 1.1–8.13 108 cells/kg (mean6 s.d. = 3.46

The standard curve and patient specimens were depro-1.33 108).
teinized and the residue obtained with diethyl-dithio-Anticonvulsant prophylaxis during busulfan adminis-
carbamic acid trihydrate (DDTC; Aldrich Chemical Co,tration included clonazepam (56 patients), phenytoin (three
Milwaukee, WI, USA) prior to HPLC analysis. The DDTCpatients), phenytoin and clonazepam (four patients), clona-
solution was made weekly by washing DDTC with 50 mlzepam and phenobarbital (one patient who was on pheno-
of ethyl acetate and adding 2.5 g to 50 ml of distilled waterbarbital for several years prior to the transplant).
(5%). The DDTC solution was demonstrated to be stableAll patients underwent liver biopsy before transplan-
for longer than 1 week. One milliliter of methanol wastation. Grading systems were established to record side-
added to 0.5 ml of plasma, vortexed briefly and incubatedrosis, chronic active hepatitis, chronic persistent hepatitis,
for 20 min at−20°C. Tubes were spun, 0.6 ml of the super-and portal fibrosis as seen on liver biopsy. Three grades of
natant was transferred to glass screw-top tubes and 0.6 mlseverity (mild, moderate and severe) were identified for
of 100 mm ammonium acetate buffer and 0.3 ml of 5%each diagnostic category.8 Plasma ferritin level, SGOT and
DDTC solution was added. After mixing, the residue wastotal bilirubin were also obtained pre-BMT.
allowed to stand at room temperature for 10 min. The bus-Busulfan was administered orally as a tablets over 4 days
ulfan-DDTC derivative was then extracted by adding 1.5every 8 h. In some instances the tablets were crushed and
ml of ethyl acetate, vortexing and spun for 3 min (Sorvalsuspended in water at a concentration of 2 mg/ml. The
GLC-2, 3000 r.p.m.). One milliliter of the top (ethylactual individual dose for pharmacokinetic analysis ranged
acetate) layer was transferred to glass tubes and dried atfrom 1.00 to 1.85 mg/kg (mean6 s.d.= 1.26 0.12, median
room temperature in nitrogen. The residue was resuspended1.17). Over the course of therapy, individual doses were
in 200 ml of methanol and 100ml injected via an autoinjec-adjusted to give a total dose of 14 or 16 mg/kg, and thus
tor for analysis (Gilson model 231; Gilson Medical Elec-were not identical. Data from patients who vomited follow-
tronics, Middleton, WI, USA). The mobile phase used wasing busulfan administration were not included in the
80% methanol/20% water by volume at a flow rate of 1.5analysis.
ml/min. Absorbency at 251 nm was monitored with a UV
detector (Gilson model 115) set at a sensitivity of 0.01
AUFS. The Busulfan-DDTC derivative was typically eluted
at 14 min following injection. The slope of a compositeSpecimen collection and stability
of all standard curves was used to calculate the busulfan
concentration in the unknown patient specimens.Patient specimens were collected for analysis at the follow-

ing times after the first and 10th dose: 0, 30, 60, 90, 120,
180, 360 min. The first dose pharmacokinetics were ana-Pharmacokinetic modeling
lyzed for all patients. Specimens for analysis of the 10th
dose were obtained from 47 patients. Specimens were col- Using a personal computer, pharmacokinetic parameters

were estimated by an iterative program to fit a first-orderlected in EDTA, spun, and the plasma removed and frozen
for transport. Studies have shown busulfan is stable for over one-compartment model (MK Model; Biosoft, Milltown,

NJ, USA). The following parameters were estimated from3 months in frozen plasma. Busulfan pharmacokinetics
studies were performed at the University of Minnesota, the raw data using the model: clearance (Cl, l/min/kg); vol-

ume of distribution (VD, l/kg); and absorption rate constantMinneapolis.

Table 1 Conditioning regimen based on class of disease

Class No. of patients Busulfan (mg/kg) CY (mg/kg) GVHD prophylaxis

1–2 36 14 200 CsA
3 17 14 120 CsA+ short MTX modified+ ALG
3 6 16 120 CsA+ short MTX modified+ ALG
3 5 16 120 CsA+ short MTX modified

Short MTX modified= MTX 10 mg/m2 on days+3 and+6 and CY 7.5 mg/kg on day+1.
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Table 2 Busulfan pharmacokinetic summary(Ka). The following parameters are derived from these esti-

mates: absorption half-life (abt1/2, min) and elimination
Parameter Median Mean± s.d. Rangehalf-life (el t1/2, h). Estimates of the plasma concentrations

for each time-point are derived from Cl, VD and Ka. The
AUC F 650 700± 390 180–2900following parameters were determined from the derived
AUC L 740 900± 520 240–2900plasma concentration-time curve: area under the concen-
Cmax F 2.7 3.0± 1.1 1.0–5.4

tration-time curve (AUC,mm*min); maximum concen- Cmax L 3.4 3.8± 1.4 1.4–7.6
tration (Cmax,mm); and minimum concentration (Cmin, Cmin F 0.45 0.54± 0.36 0–1.9

Cmin L 0.54 0.65± 0.52 0–2.2mM). For direct comparisons between groups, the AUC,
CL F 6.1 7.1± 3.6 1.4–21Cmax and Cmin were normalized to a dose of 1 mg/kg by
CL L 5.2 5.5± 2.5 1.6–15dividing the actual value by the dose administered. In aVD F 0.86 0.96± 0.43 0.38–2.7

minority of patients (less than 10%) pharmacokinetic mode-VD L 0.69 0.76± 0.34 0.24–2.0
AB F 22 26± 17 0–78ling could not be done because an initial estimate of the
AB L 21 25 ± 20 0–87hybrid elimination rate constant could not be generated
EL F 1.6 1.7± 0.9 0.6–7.0from the fall-off data.
EL L 1.5 1.9± 1.6 0.4–9.1

AUC = area under curve normalized to a dose of 1 mg/kg (mm*min).Outcome parameters
To convert to an average steady-state concentration (ng/ml) multiply by
0.683; Cmax= maximum concentration (mm); Cmin = minimum (troughEvaluation of regimen-related toxicities included VOD,
concentration) (mm); CL = clearance (ml/min/kg); VD= volume of distri-

seizures, and idiopathic interstitial pneumonitis. VOD wasbution (l/kg); AB = absorption half-time (min); EL= elimination half-
defined clinically by the presence of hepatomegaly, weighttime (h); F= ‘first’ dose; L = ‘tenth dose’.
gain and increase in bilirubin.10 The diagnosis of idiopathic
interstitial pneumonitis was made on a radiograph when an

change in AUC, Cmax, Cmin following dose normalizationinfectious agent was not found.
to 1 mg/kg.Post-transplant engraftment was determined by an

Comparison of first and 10th dose kinetics revealed thatincrease in the granulocyte count (ANC.5 × 108/l), cyto-
they are similar, being within 20% of each other thegenetic analysis when the donor and recipient were of
majority (90%) of the time. For AUC, Cmax, CL, VD thereopposite sex and globin chain synthesis evaluation by col-
is a significant difference in the distribution between firstumn chromatography. Graft rejection was defined as a loss
and last dose, but the mean difference is small (,10%)of documented donor engraftment with return of autologous
and therefore probably not of biological significance. Themarrow. Occurrence of mixed chimerism was evaluated by
differences between the first and 10th dose are of smallDNA study at 60–120 days post-BMT.11

magnitude (,20%) for the most part, suggesting that thereAcute and chronic graft-versus-host disease was graded
is no need to determine both. The data indicate no busulfanaccording to the Seattle criteria.12

accumulation or decrease in exposure with subsequent
doses due to changes in metabolism, as has been reported

Statistical analysis with phenytoin.
There is no significant association between pharmacoki-Three sets of parameters were examined: factors that might

netic parameters and age. The mean clearance of busulfanaffect the pharmacokinetics of busulfan (eg age, pre-trans-
in our study was approximately twice that reported in adultsplant liver function tests, ferritin levels); possible drug-
and similar to values previously reported in young chil-related toxicity (eg VOD, seizures, interstitial pneumonitis),
dren.2 Analysis comparing busulfan pharmacokinetics inand transplant outcome (eg aplasia, engraftment delay or
children 5 years of age and younger (n = 7) with patientsrejection, mixed chimerism, and mortality).t-test, ANOVA,
older than 5 years (n = 57) showed no statistical difference.and multiple linear regression were employed in evaluating

Patient pre-BMT clinical status was characterized bypredictors of busulfan pharmacokinetics, and in assessing
results of liver biopsy, SGOT, total bilirubin, ferritin andthe association of busulfan pharmacokinetics with toxicity.
assigned a disease class, summarized in Tables 3 and 4.Kaplan–Meier product limit method and Cox regression
There is a significant correlation between ferritin level andanalysis were applied to evaluate the effect of busulfan

pharmacokinetics on time to engraftment and survival, cen-
soring patients at death for engraftment and last contact

Table 3 Pre-transplant liver status – biopsy results
for survival.

No. of patients None Mild Moderate Severe

Siderosis 0 15 28 20Results
Fibrosis 9 14 24 16
CAH 41 8 12 1

Pharmacokinetic parameters CPH 36 26 0 0

Pharmacokinetic parameters normalized to a busulfan doseCAH = chronic active hepatitis; CPH= chronic persistent hepatitis.
of 1 mg/kg are summarized in Table 2 for the entire patientBiopsies from two patients were not evaluable for hepatitis and biopsy

from one patient was not evaluable for siderosis and fibrosis.group. Due to the small dose range there was insignificant
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Table 4 Pre-transplant liver status – liver function tests analysis conducted on days 60–180). The mortality rate was

15%. In univariate analysis older age (,15 yearsvs .15
Median Mean± s.d. Range years), Cmax, higher ferritin levels and occurrence of

GVHD were significantly related to mortality, while in mul-
Bilirubin (mg/dl) 1.0 1.4± 1.1 0.2–7.1 tiple regression analysis only GVHD occurrence signifi-
SGOT (mU/ml) 23 28± 17 5–103 cantly correlated with a higher rate of mortality (P , 0.01).
Ferritin (ng/ml) 2476 3019± 1823 710–9017

Busulfan concentration and toxicities

In our patient population the incidence of VOD was 4.5%disease class, degree of siderosis, degree of fibrosis and
(three patients), interstitial pneumonitis 11% (sevenSGOT (P = 0.0005, P = 0.0001, P = 0.0001, P = 0.0001,
patients), early onset seizures 7% (five episodes before dayrespectively). However, there is no correlation between pre-
+30 post-BMT). No seizures during administration of bus-transplant liver status or the class and busulfan pharmaco-
ulfan were documented. Busulfan plasma level was notkinetics.
associated with these events although only one patient had
an AUC previously associated by Grochow with a higher

Busulfan concentration and outcome risk of VOD.3 Two patients diagnosed with VOD received
CY doses of 200 mg/kg, and one received a CY dose ofMarrow recovery (ANC.0.5× 109/l) occurred on days
120 mg/kg. VOD was significantly (P , 0.006) associated13–37, with a medium of 18 days. Busulfan exposure, CY
with ferritin (Figure 1) levels as well as with degree ofdose and type of GVHD prophylaxis did not affect time to
siderosis on liver biopsy. Three of 20 patients with severeneutrophil recovery.
siderosis were diagnosed with VOD, in contrast to 0 of 43The influence of busulfan on the incidence of graft rejec-
with mild or moderate siderosis (P = 0.02).tion (five rejections were observed, a total of 7.5%) was

To eliminate the potential influence of different CYnot evident. No difference in pharmacokinetic parameters
doses and GVHD prophylaxis regimens on transplant out-was observed for patients who rejected their graft as com-
come and toxicities, additional analyses were conducted onpared to those with sustained engraftment. However, only
patients with class 1 and 2 disease. There was no significantsix patients had average steady-state concentrations below
relationship between busulfan exposure and transplant out-200 ng/ml, the range of increased rejection for HLA
come in the 36 patients who received busulfan 14 mg/kg,matches reported by Slatteryet al,5 and none rejected.
CY 200 mg/kg and CsA only as a GVHD prophylaxis.Rejection was associated with CY dose (5/27 rejected when

treated with 120 mg/kgvs 0/30 with 200 mg/kg,P = 0.02)
and GVHD prophylaxis (5/23 rejection noted with

DiscussionCsA/ALG/MTX vs 0/36 with CsA, P = 0.02). As the
patients treated with CY 120 mg/kg also received

Our study was conducted on a homogenous patient popu-CsA/ALG/MTX it is impossible to identify the effect of
lation transplanted with bone marrow from HLA-matchedCY and GVHD prophylaxis on graft rejection.
genotypically identical siblings. In this group there was noThere was no significant relationship between busulfan
association of busulfan pharmacokinetics with age or withexposure and late aplasia, which occurred in five patients

(7.5%), or the incidence of mixed chimerism (27%, on an
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Figure 2 Busulfan exposure (AUC;mm/min) and hepatic veno-occlusive
disease (VOD).Figure 1 Ferritin (ng/ml) and hepatic veno-occlusive disease (VOD).
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pre-transplant liver status. We demonstrated a similarity and ferritin levels, which reflected severity of disease, were

significantly associated with occurrence of VOD. However,between kinetics of first and last busulfan doses. No corre-
lation between busulfan exposure and engraftment, graft we failed to demonstrate a correlation of AUC values with

VOD and other toxicities. Grochowet al3 originally corre-rejection, late aplasia, occurrence of mixed chimerism, inci-
dence of VOD, seizure, interstitial pneumonitis, or death lated VOD with increased mean busulfan AUC (.2012

mm*min). A later prospective study by Grochowet al20was observed.
Analysis conducted in such a homogenous group of confirmed the increased occurrence of VOD with AUC

,1500mm*min. They also noted a significant decrease inpatients can ensure a more accurate assessment of regimen-
related toxicities because of the uniformity of the pre-trans- incidence of VOD in patients receiving reduced doses of

busulfan from the 5th to the 16th doses as compared toplant treatment regimen and clinical status. Such an analy-
sis allows us to correlate busulfan pharmacokinetics more patients without dose reduction. However, Schuleret al21

were unable to correlate busulfan pharmacokinetics para-directly with treatment outcome.
Initial evaluation of low-dose oral busulfan in adults (2, meters with the risk of VOD in adults with CML receiving

HLA-identical BMT, a disease with decreased risk of VOD.4 and 6 mg dose) by Ehrssonet al13 was followed by stud-
ies of high-dose busulfan (1 mg/kg) conducted by the same Also, a single daily dose regimen (4 mg/kg/dose), which

resulted in a four-fold higher Cmax and AUC values (dosegroup. Analysis of first and last dose pharmacokinetics
showed no evidence of busulfan accumulation over time. adjusted) was not associated with an increase in VOD inci-

dence.22 A trial conducted by Demireret al23 attempted toSubsequent studies had variable results with one being con-
firmatory4 and others showing either increases or decreases decrease the variability of busulfan plasma concentration

by busulfan dose adjustment based on first dose pharmaco-in busulfan levels occurring with consecutive doses.2,14 For
example, a decrease in busulfan plasma levels over the 4 kinetics. Targeted plasma levels were reliably achieved

with dose adjustment. Comparison with previous experi-day treatment period has been reported by Hassanet al15

in about 40% of adults and children, suggesting that busul- ence showed no improvement in VOD occurrence or BMT
outcome. However, as more conditioning agents are addedfan can induce its own metabolism. However, recently this

alteration in busulfan plasma level was attributed to con- to the regimen it becomes difficult to obtain relationships
between outcome and exposure to any one of the agents.comitant administration of phenytoin used as seizure

prophylaxis. Phenytoin and phenobarbital have been shown Dixet al24 were also able to achieve the desired busulfan
plasma levels with dose adjustment without affecting VODto decrease the lethal effects of a myeloablative dose of

busulfan in mice16 suggesting that simultaneous adminis- frequency. As dose adjustments were made very late,
reduction in toxicity may not have been seen.tration of drugs that alter liver metabolism can affect busul-

fan kinetics. In our study, patients received anticonvulsant The incidence of VOD in our study was low – 4.5%.
There was no correlation with plasma busulfan exposureprophylaxis although most received clonazepam and not

phenytoin or phenobarbital. Kinetics of first and last busul- and VOD (Figure 2). Only one patient had busulfan plasma
level above the critical concentration obtained by Grochowfan doses were similar, showing no evidence of accumu-

lation or decrease in plasma levels over time. We concludeet al,3 1500 mm*min (2855 mm*min) and he did not
develop VOD. We conclude that in younger thalassemiathat measurement of first-dose kinetics is sufficient for

assessment of busulfan exposure during BMT conditioning patients undergoing HLA-identical BMT monitoring of
plasma busulfan level does not have predictive value forin children and young adults with homozygousb-thalasse-

mia if there are no changes in subsequent busulfan doses. the development of VOD.
A syndrome that occurs rarely and usually only afterVariations in plasma pharmacokinetics have been

described to be age dependent. Grochowet al2 reported long-term or high-dose busulfan therapy is known as ‘bus-
ulfan lung’. Interstitial pneumonitis with lethal outcomethat children between 2 months and 5 years demonstrated

differences in busulfan disposition when compared with was initially reported in a high proportion of patients
receiving conditioning doses of busulfan/CY. However,adults.2 Hassanet al17 found children younger than 5 years

to have a shorter busulfan elimination half live. In our ser- subsequent studies have shown an incidence similar to or
less than that observed after CY with total bodyies, which included children and young adults, there is no

association between age and busulfan pharmacokinetics. It irradiation.25 In our study, busulfan exposure did not influ-
ence occurrence of pneumonitis.suggests that in the context of BMT for thalassemia there

is no need for adjustment of busulfan dose based on body Seizures have been reported during treatment with high-
dose busulfan at any time from the second dose up to 24surface area in children which has been reported to be asso-

ciated with increased extrahematological toxicities.18 h following the final dose.4 We did not observe seizures
during this time period although all patients received anti-We also failed to show an association between busulfan

clearance and pre-transplant liver status. In our patient convulsant prophylaxis. The occurrence of seizures later
following BMT were not related to the busulfan pharma-population with a wide spectrum of liver damage

(documented by liver biopsy) secondary to multiple trans- cokinetic parameters analyzed.
Our results suggest that graft rejection following prep-fusions and hepatitis there is no evidence of busulfan clear-

ance being affected by liver function. Other studies have aration with conventional doses of busulfan and CY does
not correlate with busulfan concentration. Slatteryet al5shown that pre-existing liver disease with elevated AST and

ALT are significant pre-transplant risk factors for demonstrated low steady-state busulfan concentrations (Css
,200 ng/ml) in patients rejecting their graft after partiallydeveloping VOD regardless of the conditioning regimen.19

We observed that the degree of siderosis on liver biopsy HLA-matched sibling or matched unrelated donor BMT.
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