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Busulfan Bioavailability

By Moustapha Hassan, Per Liungman, Per Bolme. Olis Ringdén, Zutana Syrddkova, Albert Békassy, Jan Stary,
Inger Wallin, snd Nils Kiliberg

Busullan is widely used as » W of the myeloablative
therapy in bone marrow transplantation. Recent studies
have shown that the drug disposition Is alteced b children
and is associated with less therspeutic etectiveness, lower
toxicities, and higher rates of engrattment failure, We have
¢valuated the bicavailability of the druy in two groups of
patients: eight children between 1.5 snd 6 years of sge and
eight older children and adults between 13 snd 60 years,
Oral bicavallablfity showed a large interindividual variation.
In children, the bioavailability ranged from 0.22 to 1.20, and
{or adults, It was within the range 0.47 to 1.03. The elimina-
tion halfdite. atter intravenous. sdministration: in- children
(2.46 = 0.27 hours: mean = SD} did not differ from that
obtained for sdults (2.61 = 0.62 hours). However, busulian

ONE MARROW wransplantation (BAIT) using busilfan
and cvclophosphamide (BUCY) as myeloablative regi-
men has become 3 widespread weatment in hematologic ma:
lighancies' and nonmalignant disorders such as immunode.
ficiencies. thalassemia. end oseopetrosis.*® Rusulfan has
been introduced as an aliernative for 1613l body irradiation
(TBl). The therapeutic efficacy fur BUCY is considered to
be equivalent if not superior to cyclophosphamide and TBI*
and the busullan dose was established 10 § mg/e every 6
hours for 16 doses. However. s randomized French study
in patients with acute myeloid leukemia showed 3 survival
advantage for patients treated with TBI* and = Nocdic
multicenter trial found an increased transplant-related mor:
ality associated with busulfan treatment.*

Busulfan's pharmacokinetics has been extensively siudied
during the laxt years in both adults and children.™"* I kil
dren. lower plasena levels of busulfan, minimal toxicity and
higher.rates of failure 1o achieve engrafument have been

reported. ¢t

These swdies showed an alteration in busullan disposition
in children compared with adults. Despite the long clinical
use of busulfan, and because of the fact that there is no
parenieral drug available. the influence of bioavaliability on
the blood level could not be swdicd. We: conducted this
investization to swdy the bicavailability of busulfan in chils
dren and adult pauents,
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clearance normalized 1o body weight was significantly
higher in chitdren (3.62 = 0.78 mL-min-kg™) than that in
adults [2.49 + 0.52 mU-min"-kg™"}. Also; the distribution vol-
urie normalized lor body weight was significantly higher in
children (0.74 = 0.10 L-kg™*) compared with 0.56 2 0.10 L.
kg™ i adults. The difference in clearance between children
and aduits was not statisticatly significant when normalized
to body surface area, which most probably shows that bu-
sullan dosage should be calculated on the basis of surface
srea rather than body weight. However, to avoid drug-te-
lated toxicities, drug monitoring and an individus! dose ad-
jfustment should be considered becsuse of the witiability in
busullan bioavailabitity.

€ 1994 by The American Society of Hemstology.

. MATZRIALS AND METHODS

Potientr. . Eight children with median age of 1.8 years 30d cight
adulit 1seven adulis und one older child with mediaz sge 43 yearsy
underpoing BMT wok pan in the sudy (Table 11 Patients: were
hospitalized 3 days before their high:dose therapy. A% fotients had
& noanal liver funclion immediately befiwe entering the study and
sonc of the patienis were given otlier mavications during the period
of the study. The first day, 1.0'mL was given as a bolus injectivaa
(0.5 minutesh of about 2 myg busullan (Table 11 The injection solu-
Uon was prepared by dissolving busulfan powder. for buman use

* (Wellcome Fuundation Lid Beckenham. UK) in 2 mL (peopyieng

glyeol ethanoL dimethyl sulioxide (DMSON: 0.8, 0.50. and 0.70
mL respectively). The solution was pussed through 3 Millex' filter
023 pn Millipare GV, Bedlord. AMA) and was examined and
found to be prrogen free 3nd siecile. Busulfan solutios was prepared,
anaiyzed for each individual. and kept 3t 3°C for no more than 12
hours before administration because of the puor stability of duwilfan
i this formulation (s w § 14 hours a1 20°C1. On the second day,
22.m} tablet (Well s was adminisiered. All the patients received
their oeal dose from the same batch. where the tablets were assayed
for busullan eonceniration 12.00 = 0.04 mpiublet. n = $1. The drug
%2t adminisicred 3t § axi, on both first and second day. w minimize
the risk of chronopharmscnlegic variation described previousty, =t
High-dose therapy with busul{an wae saned (4 mp/ks every 6 hoons
for 16 doies i oa the third das. The mudy was designed according
& the wecammendations of the ethics committee ot the Kandinska
laditwe and was appeoved byt Swedish Medicu! Produsty
Agency. The adult patients and the puren for the younger paticnts
wers infoemed and mbed for their conent.

Sdmples.. Whale blisnt samples (1 10 2 mL for childrzn and 3
80 3 b for adulisr were obarned from indwelling venows catheters
Before the drug administration and at 2.5, 5. 10. 20, M. 60, 75. 90,
120, 150. 230, 200. 260, 450. 3nd 60N minutes afier the dme. Blood

ples were also obtained from the pati during high-dose thers
2y immediately before each dosage inerval 10 deterniine the mean
munimum concentrations of the drug. except for three adult patients
(LA LA, 30 BN betause they have heen conditioned with TBY
CY. Plauma wit separaed and frozen at =XIC uniil LIV,

Druy wwalvsis. Butullan concemrations in plasma were mcas
wred waing £31 clromatozraphy with elécuan capture detection s
daeribed previousty >

Pharmacolmencs. - Individual: phannaculindiic parameten foe
Tl aiministenin curves were evalued and kit by 2 onc-conparn.
menl modzl W ith Rra-order absorpiiva. The intravenous sdminiirs-
thon cure< were evaluated using a3 teo-campartiment miodel. Parane-
ter estumation wsing monlincar keat g analvsis wac perfomeed

Biood, Vol 81, No T (Dctober 1), 19948 pp 2144-2150
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2145
Table L. Clinical Data lor ANt Parients
[ Ses Weight gt Longen lom} Age iy Dageesis SAtmY [
s [3 10.4 8 1512 ALL 052 .03
M v 10.s " 2 Hurier 0.49 197
4 F 128 s EY b AML LY 1 1.5¢
€0 Y] 1.0 10 I AA (X1 : 200
cH F 200 100 3in? FHL 0.78 192
oM u ws ] s 8-DA 0.65 210
MW F 1ns m 6 AML 018 18
MS ¥ 20 110 & AML 083 un
MM ™ 38l "8 n AML 130 X1
W Y] 6 . 1] 20 AMC 1.8 2.00
YN F s w M AML 18¢ 213
50 Y] .70 LT & AML 1.89 154
A ] " m 4« oML 188 2.00
BN F ' e 80 ALL 1.8 2.00
ns Y] ' 76 [ AML 2.13 164
UA M ” 185 « Myelona w3 197

Dote values represent the exact dose injected lntravenously into each patient,
Abdbreviations: AML, scute myelocytic levkemis: AA.‘ splasiic snemia; FHL, (amilial erythrophagocytic lymphohistiocytosis; 8-DA, Blackian-

Dismond snemia.

usiag PONONLIN (Seatiatical Consultants, Levingtoa. KY) and the
estimatioa curves 10 high-dose concentration data were performed
using SIPHAR (Smid, Paris. Francel.

Kinetic' prrameters estimated using PCNONLIN are absorption
consuant (ka). elimination comtant (ke), distribution volume

tieady-state level (Vdis). lag time, and area under the curve (AUCH. -

The differences  ie pharmazol B between  the
groups were compared using twe Student’s t4est The correlation
betnven the pharmacokinetic paramesers and age was established
using a lincar repressioa method.

“The absolute bicavailability was obtsined by comparing AUCs
for intravenous and ocal sdministration for each individual.

RESULTS

“The plasma concentration curves for two patients (LS and
EO) afier oral and intravenous adminisuation of busulfan
are given in Figs | and 2.

Table 2 shows the caleutated pharmacokinetic parameters

1500

§

Cencantration
ng/m

500 &
\; .
°° 2 4 6 8 10 12

Time (hr)

Fg 1. Pusmas time-concontration curve sfter 383 myg nravensus
10) and 1 mq oral administration (A} of busutieon lgatisnt LS with
bisavailability of S2%).

for both: adults and children atter intravenous administratiun
of the drug. Clearance nonmalized for body weight was sig-
nificanty (P = .004) higher in children with a value of 3.62
= 0.78 mL-min"-kg* (mean = SD) compared with adul:
patients (2.49 = 0.52 mL-min™-kg"). An age-related clear-
ance was shown (Fig 3) by a regression analysis (P = .02).
However, this différence was notsignificant when clearance
wis normalized to surface srea (Table 3).

The distribution hall-lives (a) in both childrén and adults
were similar (0.059 and 0.051 hours, respectively). Also, the
elimination half-lives (B) for children (2.46 = 0.27 hours)
did not differ from those for adulis (2.61 = 0.62 hours). The
estimated Vdss was 074 = 0.10 L-kg* for the children,
which was significantly higher (P <.005) than that estimated
for the adult patients (0.56 = 0.10 L-kg™). The AUCs for
childrea ranged from 309 to 1510 ng-hr-mL", whercas for
adults, the values were within the range 103 to 270 ng-h-

-

250 ¢

200
$
- 150
TN
£ e '
H 100
¢
(%]

50
oD 2 4 3 8 10 12

Time (i)

Fig L. Plasmis limeconcontration curve sfter 2 mg lntravensus
(o) and 2 g oral sdministration (4] of busulfan (patiant EO with
300% bissveilebilityl:
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Toble 2. Phermacokinetic Porametsrs fov b Adrini !
Vs AUC Camronce Choerasra
Porlere - (1] [ ST ) ng WL T N T | L mia vty L i Agt

s 0.027 32 0.6 1304 1510 an 222

MH 0.055 280 (¥} $03 [ 33 ] 8147 . 3.9

N 0.063 288 o 49 789 6.9 3.2

€0 0.01$ 268 on ke 1) $81 7458 1302

(=} 0.012 s [X 4] 83 23 T8.4¢ - 208

OM .170 n 0.6 296 m 1248 a3

oW 0027 208 (X 1} ™ 303 12124 $36

S 0.101 208 0.82 . 292 aw 328 an

MM [ X217} 198 s8¢ 458 2% 102.46 2.46

W e04 .08 ot  +] 196 2.4 250

YN oo 188 [ X3 750 250 8653 258

$0 0.048 218 0.59 e 110 12328 33

(V8 0071 an (K3} A0 ) 270 €5.67 157

8N 0.032 3 3} [ ¥ £} 1wt " 100.08 287

RS 0.078 2 .60 n 103 8186 218

UA aomn 252 0.39 "W s 81.68 1.88
Mean (or children (=50} 0.059 {0.054¢} 2.46 10.27) 0.7¢10.10) $17 04y 04 (372) 82.20 (19.72) 3.62(0.78)
Mean for adutts (2501 0.051 {0.021) 2.61 10.621 0.56 10.10} 248 1235) 191 {82 9738 (19.92; 2.49 (0.521

IR . disiduts

Gon; Vdis, distribution velume at steady-state,

mL". Both the distribution volume and clearance were corre-
lated 10 age with correlation coelficients of 0.65 and 0.57,
respectively (Figs 3 and 4).

The pharmacokinetic parameters, the diug bicavailability
alter oral administration of 2 mg busulfan and the mezn
minimum concentrations during high-dose therapy caleu:
lated from dose 4 w0 dose 16 (corrected for 1 mp/ky) are
listed in Table 3. The simulated mean méinimutn concentra-
tions using the obtained parameters (ka, ke, and the bicavail-
abilty) are also listed in Table 3. R

The kinetics of oral busulfan in all patients were fitted to
2 one-compartment open model with first-order absorption.
A large variability was seen in the absorption half-life. In
children, the absocption half-life was 037 = 0.41 hours.

haltdife; 8, elimination hatl-lile: AUC, ares under plitms EoRCentration curve; Cae M

plasma 13

whereas in adalts, it was 021 = 0.21 hours. No difference
in the elimination half-life between children and adults was
seen (180 and 2.68 hours, respectively). An interindividual
variability in the time to reach peak plasma concentration
and the arsa under the concentration time curve was ssen.
Masimum plasma coficentrution appeared between 0.29 and
2.78 hours: in children and between C.48 and 232 hours
in aduhs. Comparison of AUCS after oral and intravenous
acministration showed an oral availability of 0.68 = 031 ia
childrea and 0.80 = 0.19 in aduls, -~

DISCUSSION
Busulfan pharmacokinetics has been extensively studied

in both adults and children during the last few years.""'*

6¢ Lo
. -
o s L -
2 ;
T4 <
5 i
E3 :
-
22 £
g F3
¢ 4 [
! K
o
° : i i N . " ; o0 . N A . N N "
o 10 20 30 40 50 .60 .20 ° 10 20 30 40 S0 60 70
Age (year) Age (year)
9 3. The relation betworn clearsnce tonmectod lor bedyweight Fog 4. The velation b $istrbuti 4 fized lor
ond sge. Tha sakid hna Is the regression Gine snd the detred bnei srs
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Sody-waight snd sge. The selid line Is tha regression ne ond the
e 355 conlidence lntervel. Slope = 0023 2 0008 ¢ - ST, Pw dushed Gnes sre the $5% conlidence Interval Stops = -0.004 = 001,
AL o LS. P = 006
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na
Yabla 3. Phermacekinstic Porametars for Par O3 Administration
Figh Dore [V mgap)
Mesa Masa
¢ . C ;
[N t Tdey Vi G AUC Spivalablioty Fourd Samudoted
Pasiond ~ [ ] -~ (] g LY ng hml*Y L) (SR S ] tng LY
s 0.08 20 [ A7) [ X1 0 $16 $2 30 =91 b2}
MH 0.2 322 8.02 A8 28 183 22 180 = 82 1
3 0.08 381 .09 L1 1) w 139 120 830 = §50 0
(] 107 i [ X} ure | 600 103 $a3 = 108 &0
CH [ ¥} $.03 - 238 n 301 55 166 = 86 "
“w 080 139 (%] s s2 205 (3] Ny =g 22
oM .06 232 o 0.4 113 ae 59 3 =6 p 31}
L] 0.05 175 (1.1} o "ns 322 72 350 2 10 345
MAY 0.06 2352 (R ] [ X1 ] &6 216 | 13 300 = 11V 318
(O] 0.6 24 0.44 s n 131 [}] —
YN .08 w 0.43 i N Qn "o 4 ne=Nn 305
SO 0.06 201 030 (¥ ] 8 89 62 0 =60 286
LA o 498 6.72 150 n 218 103 -
BN [ R} L [ R} wmn 2 180 29 -
RS 0.n 256 A X o 1 | 1] k] 1T = N6 [ +1]
UA .10 238 0.9 [ R3] 4 168 " =088 [+]])
Mesn for children
(501 037 10.41) - 280 (L14) - 0.220025) L2V 1107 - 88 144 437 {2540 68 (31}
Maan for adults
{+S0I 02110.21) - 268 (097} CSS0.41) 139 IT W) 161 165} 80 (19)
Abbraviatwons: ka, absorption hatldite; Caic. pi. m

Gife.

Thase studies have shown differences in drug disposition in
children compared with sdults. )
The bicavailability of busulfan was investigated hete in

_cight children and eight adults for the €rst time since the

introduction of the drug in the 1950s.3" The paticnts swdied
showed a high variability in bicavailability of about sixfold
in children and twofold in adults. The disuibution volumes
and the clearance values calculated afier an ocal dose of 2
mg (with the assumption of completé bioavailability) were
in agreement with the previously published data on high-
dosc therapy (Table 4). .

Despite the low administered dose of intravenous busulfan

ion: T4ag. tagima; Te.. time 10 reach T ke, eimination hall.

and with respect to its bioavailability, the levels of busulfan
(expressed as 3 mean minhimum- concenuation) measured
during high:dose therapy werc in ood agreement with those
simulated using the pharmacokinetic parameters obtained
alier oral (2 mg) administration (Table 3). This indicates
that our results may 2liso be valid at therapeutic Jevels and
most probably confirms the linear pharmacokinetics of bu-
sulfan, .

All data from patients receiving oral doses wers fitted to

- a one-compantment open mode! with first-order absorption.

The younger children showed a slightly, but not signifi-
cant, slower absorption rate than the adults. This is probably

Table 4, Busullan Disposition According to Age ond Route ol Administration

Rateience - Ape bl tam Clisranct IMUwai )t maan = S0 Vd RAY mara = SO
Grochow™ n > .233 29 O 0.59 t0.44)
Hassan™ " >u 253 264 10.561 -—
Grochow™ " 0224 154 [ KRS AREE B &)
Varsal™ " . e 233 - a2 1.06 10.44)
Vastat™ k43 14 X1 [RENIR] 104 10.38)
Hassn™ . 9 3-u L0 (& RN+ 5] -
Vasat™ n 02-178 b3 &) 68 01.0) 163 (V.29
Prasent study

Oval dose (2 mot* ” 184 20 5.2 Q0 LIS SN
Ocat dose 12 myg)* [ >13 16 6 L 6.64 {0.02)
ntravenous ] 154 L4 d8280.78) 0.74 (0.10)
ravenout ] >13 .6 2.49 10.52) ©.58 0.0}
* Cleorance and distributs k are ealcutated with

of { » 110 semplity comparison with published resuits.

£ Patient M was euciuded because of the seueme veloes of o (11,3 mUininkgt snd Ve (118 LRgL which most probably was because of

Wiy diagnovis.*
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caused by differcnces between adults and childeen in transit
time in the gastric region. In high-dose therapy, the variation
€an be ‘of a higher magnitude because erushed (ablets in
combination with gastric tube,” in- gelatine capsules.” and
in apple sauce™ are usually used for younger children, The
elimination half-lives were within the range of the average
obtained in adults. Only onc child showed an extremely long
eliminatioa hall-life. ;

According to the venous ' equilibdum  or - sinusoidal
model.” the hepatic clearance of 3 drug may be increased
bezause of (1) higher metabolic activity as a function of the
hepatic mass: (2) decreased plasma protein binding and/oc
(3) increased hepatic blood fiow. On the other hand, the
distribution volume may be infl ed by body position,
protein binding. and tissue binding of the diug. This study
showed potentially important differences between children
and adulis in the disposition of busulfan. After an intrave.
nous administration of busulfan. both clearance noomalized
1 body weight and distribution volume adjusted o body
weight appear to be age dependent (Fig 3 and Fig 4). Clexr-
ance and distribution volumes were significantly higher in
children than in adult patients (45% and 34%, respectively).
No differeace in the elimination rate constant was observed.
The present results using intravenous busulfan confirm the
results reported by several investigators after oral administra-
tion of the drug'*'* regarding busul{ar, disposition in relation
to age (Table 4).

Busulfan protein binding does not explain these: differ-
ences between adults and children because it was shown that
its binding is very low in both high and low doses.'™>

In our investigation it was shown that the distribusion
volume was higher in childran than aduls, The values ob-
wined after intravenous administration were in agreement
with those previously published using oral doses of busul.
[an** when the variability in bicavailability was consid-
ered. Surprisingly. the values for distribution volumes ob-
ined after intraveous administration cormresponded directly
(o total body water, and the: difference between adults and
children was equal to that rzponted for body water. ™ This
might indicate that despite the lipophilicity of busulfan™ it
is still distributed to bodv water. In this tespect, busulfan
might be like calfcine, which is also a rather lipophilic com-
pound and has 3 distribution volume equal to body water,

The differences in clearance could be explained if the liver
blood flow or hepatic mass is different in children compared
with adults when normalized 1o body weight. but not 1o body
surlaze area. Grygiel et al™ and Rylance e: al™ showed in
two independent studics in children that the liver volume
examined by ultr d scans averaged 30 to 33 mlAg.
whereas in two adult studies. ™" the liver volume was 19.§
t0 22 ml/kg. Recenily. Evans et al™ showed 3 ¢less decrease
in liver volume to body weight (mLAg) with increasing age.
but no significant age-related decrease in liver volume was
found when correlated with body surface ares (mbl/m?).

Recently, we have shown that [''C-busulfaa] is highty
distributed into the liver of the monkey using positron emis-
sion tomography.™* Grochow et al** have suggested the firs.
pass elimination to explain ths high clearance found in chil:
dren below & yeass of ags. Also, it has already been shown

HASSAN ET AL

that busul{an is highly metabolized in the liver through enzy-
matic: conjugation with glutathione."' > However, 1o our
knowledge. no age-related differences in either glutathione
oc its wansferase in humans have been teponied, but it is
known that there are a vadety of ways in which drug han.
dling in younp children may differ from sdults, " and that
their metabolic capacity is higher than in adults. It seems
clear that children below 6 vears of age have a higher hepatic
clearance than adults il the sdjustment is based on body «
weight, whereas there is no difference when the surface area
is considered.

~The climinaiion hall-life for intravencusly sdminisiered
busulfan in young children was longer than that reported
previously by Grochow: et al and by us using high doses of
oral busullan. However, the elimination values were in beuer.
apreement with those reported by Vassal et al" This is
most likely'a result of an interaction between busulfan and
phenvioin wsed - as anticonvulsants in our previous swd-
ies.!™ Recently; we reporied¥ a possible interaction be-
tween busulfan and phenytoin, expressed as a lower AUC
and faster elimination aficr the last dose compared with the
first dase during high-dose therapy. This intzraction or liver
sctivation ean be more pronounced in childen, " resulting
tn a higher hepatic elearance than in adults.

Several investigators have expressad their concern shout
busulfan dasage in children because of the higher failure
nes 10 achieve engrafiment.** Recently. Vassal et al®
have recommended a dose of 600 mg/m® for young children,
whzreas Yeager et al* have suggpesied 640 mg/m® In a very
recent study, Vassal et al*! have déscribed 3 dose of 749 mg/
m* for childrsn below 3 years of age. The new recommended
dosages™! provide systemic drug exposure closer to that
obuined in-adults. Also. the present results show that a
dosage based on the body surface area will be more aceurate.
might achieve higher therapeutic eflectiveness, and will
hopefully lower relapse rates in young children., However,
Vassal e al™ teported a higher rate of neurotoxicity using
the new dosage. whereas increased incidence of mucositis
was reported by Yeager et al.® The wids range of AUC
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observed in both studies can most likely be explained by the - "

variation in bioavailability shown in the present study.

Patient MH in the children’s group has shown extremely
low bisavailability ‘aftsr oral administration -of busulfan
10.221. Vasaal et al'* have recently stown higher clearance
and distribution volumes in children with lvsosomal storage
disease Lun other children, and s great varistion in drug
dispusition was observed. In fact this mizht be caused by
low bioavailability of busulfan in children with metabolic
disorders disease a3 observed in the above-mentioned child.
Orher studies investigating the bioavailability in children
with metabolic disorders are urpently warranted.

Ithas 3lso been shown that some young individuals have
very high initial concentrations when busulfan is givenas a
bolus injection in 3 dose as low 35 3 mg. Indeed, an intrave:
nous formulation is warranted. but not as's bolus form be-
€ause of the neurotoxicity reponcd™< and our results shows
ing that at feast 20% of the injected dose enters the human
brain" during the first'S minutes afiet adminisiration. More-
over. Lizk of information: about the combined toxicity of
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busulfan and DMSO, poor stability of busulfan in the preseat
{ormulation, and fow solubility of busulfan make the injec.
tion of higher doses or larger volunes unadvisable.

Out study shows a variability in busulfan bicavailability
by fivefold in voung children and by twolold in adukts. It
was 2150 shown that children have sipnificantty ligher clear-
ance and distribution volunies compared with adults.

In addition. a dosage rcprncn based on body surface arca
might enhance drus crn:ac) in childeen.” = by considering
the variability in the bivavailabilty and the correlation be-
tween & high sysiemic expasure 10 busulian and both its
neurttoxicity*® and the occurrence of veno-occlusive disease
(VOD..Y therapeutic monitoring of busullan concentrations

and individualized adjusument of its dosage have to be con-

sideced to aptimize deug exposure and avoid hoth neurotox-
ity and VOD.
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