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Abstract. The pharmacokinetics of high-dose busulphan
was studied in 17 patients during conditioning prior to
bone marrow transplantation using deuterium-labeled bu-
sulphan (dg-BU). About 50% of busulphan doses 1 and 16
was replaced with dg-BU. Patients were treated with
phenytoin or diazepam as prophylactic anticonvulsant
therapy. Patients who received phenytoin demonstrated
significantly =~ higher  clearance  (mean +SD,
3.32 + 0.99 ml min-1 kg-1), a lower area under the con-
centration-time curve (AUC, 5,412 =+ 1,534 ng h ml-1;
corrected for dose/kilogram) and a shorter elimination
half-life (3.03 £ 0.57 h) for the last dose of ds-BU
(dose 16) as compared with the first dose
(2.80 * 0.78 ml min-1 kg-!, 6,475+2,223 ngh ml-! and
3.94 £ 1.10 h, respectively). No difference in the above-
mentioned pharmacokinetic parameters was seen in
patients treated with diazepam. Moreover, a continuous
decrease in the steady-state level of busulphan was ob-
served in four of seven patients in the phenytoin-treated
group, whereas in the diazepam group, such a decrease was
seen in only one of eight patients. We conclude that pheny-
toin used as prophylactic anticonvulsant therapy alters bu-
sulphan pharmacokinetics and, most probably, its phar-
macodynamics. For adequate prophylactic therapy, anti-
convulsants with fewer enzyme-inductive properties than
phenytoin should be used.
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Introduction

During the last decade, high-dose chemotherapy with or
without total body irradiation followed by allogeneic
(BMT) or autologous bone marrow transplantation
(ABMT) has been increasingly used as a very effective
means of treating both haematological malignancies and
inborn errors of metabolism [1, 2]. High-dose busulphan
(HD-BU) in combination with cyclophosphamide was in-
troduced by Santos et al. [3] as a myeloablative regimen for
bone marrow transplantation. Studies of HD-BU in both
adults and children [4—6] have shown that patients reach a
steady-state level after the third dose and that busulphan
has age-related pharmacokinetics. Veno-occlusive disease,
mucositis, interstitial pneumonitis and haemorrhagic cys-
titis are well-known side effects related to HD-BU therapy
[7, 8]. HD-BU therapy is also associated with seizures
[9-12], and its dose-dependent neurotoxicity has been
studied in children [13]. The convulsions may be a result of
busulphan’s crossing the blood brain barrier rapidly [14]
and entering the cerebrospinal fluid compartment at a con-
centration of the same magnitude as that found in plasma
[5, 15].

Many transplantation protocols include the anticonvul-
sants phenytoin and diazepam as routine prophylaxis to
avoid seizures. Several antiepileptic agents, including
phenytoin, phenobarbital and valproate, are known to in-
duce liver enzymes such as cytochrome P450 and y-glu-
tamyl transferase (y-GT) [16—18]. In a murine model, Fitz-
simmons et al. [19, 20] have shown that phenytoin admin-
istration decreases the myelotoxicity and the neurotoxicity
of busulphan and leads to higher survival of normal mice.
Moreover, we showed in a recent study a continuous
decrease in the steady-state levels of busulphan in about
40% of patients (both adults and children) over the 4-day
therapy period [21].

Busulphan is extensively metabolized in the rat liver,
mostly via an enzymatic reaction with glutathione [22, 23].
It has also been shown that busulphan is at least partly
metabolized via the glutathione route in humans [4]. An
activation of the hepatic enzymes would enhance the
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Table 1. Clinical data for patients treated with phenytoin as an anticonvulsant: group A

Patient Age Sex Weight Busulphan Doses 1 and 16 Diagnosis Transplantation
nomber (years) (kg) dose (mng) of dg-BU (mg) type

1 54 M 78 75 40 Lymphoma BMT
2 58 M 78 80 30 AML ABMT
3 53 M 94 95 50 AML ABMT
4 51 M 68 63 30 AML ABMT
5 52 F 53 54 30 AML ABMT
6 43 M 80 81 40 AML ABMT
7 40 F 56 60 30 CML BMT

8 38 M 83 81 40 ALL ABMT
9 60 M 70 70 30 AML ABMT
AML, Acute myeloblastic leukaemia; CML, chronic myelocytic leukaemia; ALL, acute lymphocytic leukaemia

Table 2. Clinical data for patients treated with diazepam as an anticonvulsant: group B

Patient Age Sex Weight Busulphan dose Doses 1 and 16 Diagnosis Transplantation
number (years) (kg) (mg) of dz-BU (mg) type

1 33 F 88 100 50 Lymphoma BMT
2 30 M 63 64 30 MDS ABMT
3 56 M 65 66 30 AML ABMT
4 40 M 64 75 40 AML ABMT
5 19 M 61 60 30 AML ABMT
6 47 M 66 68 30 AML ABMT
7 25 M 91 9l 40 CML BMT

8 45 M 84 85 40 CML BMT

MDS, Myelodysplastic syndrome; AML, acute myeloblastic; CML, chronic myelocytic leukaemia

metabolism of busulphan, resulting in less effective
therapy.

In the present study we investigated the effect of the
anticonvulsants phenytoin and diazepam on busulphan
kinetics during high-dose treatment. The study was per-
formed by the administration of deuterium-labeled busul-
phan (ds-BU) to patients undergoing BMT/ABMT as 50%
of both dose 1 and dose 16. We report on an interaction
between phenytoin and busulphan that resulted in a signif-
icant difference in the pharmacokinetics of busulphan be-
tween the first and the last dose. Also, a continuous
decrease in the steady-state level during HD-BU therapy
was found in some patients.

Patients and methods

Chemistry. d3-BU was synthesized from [1,1,2,2,3,3,4,4-ds]-1,4-butane-
diol (ds-butanediol) obtained from Aldrich (Germany). Recrystallized
methanesulphonic anhydride (1 mol; Merck, Germany) was dissolved in
dichloromethane (800 ml; Merck) and dropped slowly into a solution of
ds-butanediol (0.1 M in 50 ml pyridine; Merck, Germany) and placed in
an ice/NaCl bath. The temperature was not allowed to exceed 4° C and
the solution was stirred overnight. The reaction mixture was washed
twice with 100 ml sulphuric acid (1 M) and the dichloromethane was
evaporated to dryness. The residue was redissolved in acetone and then
precipitated with #-hexane. The yield of ds-BU (22.2 g) was 90%. The
melting point was 115° C (reported for busulphan 115°—117°C). dg-BU
was identified by nuclear magnetic resonance (NMR) and gas chroma-
tography-mass spectrometry (GC-MS). The NMR analysis was perform-
ed on a Varian 300-MHz apparatus and the analysis of both busulphan

and dg-BU showed the following shifts: a singlet at 3.120 ppm (CH3-) for
ds-BU as compared with a singlet at 3.120 ppm (CHs-), a triplet at
4.326 ppm (O-CH>-) and a triplet at 1.906 ppm (CHz-CHz) for busul-
phan.

After conversion of busulphan and dg-BU to the corresponding 1,4-
diiodobutane [14], GC-MS was performed vsing a 10-m x 0.57-mm CB-
sil 8 column (Chrompack, Holland) with temperature programming
{90° - 180" C). Injector and ion-source (70 eV) temperatures were 250°C
and the separator temperature was 270° C. The identification of ds-BU
was based on the ions’ m/z values [318 (7%), 191 (100%), 159 (32%),
and 62 (60%), which compared with the ions obtained from busulphan’s
m/z values [310 (12%), 183 (93%), 155 (73%), and 55 (100%)].

ds-BU was tested for bacterial contamination and was found to be
sterile. The labeled busulphan was weighed under sterile conditions and
encapsulated in gelatine capsules of 10 mg each. The study was approved
by the local ethics committee.

Patients. A total of 17 patients with either leukaemia or Hodgkin’s dis-
ease were prepared for either BMT or ABMT. The clinical data for the
two groups of patients are listed in Tables 1 and 2, respectively. Nine
patients (group A, Table 1) received phenytoin as a prophylaxis anticon-
vulsant, starting with a loading dose of 5 mg/kg x4 given from day —10
to day -3, followed by 2.5 mg/kg < 2 given from day -7 to day —4. The
second group (group B, Table 2) was treated with diazepam given at
5 mg p.o. x4 from day —7 to day —4.

The preparatory chemotherapy regimen for both groups consisted of
HD-BU given p.o. at 1 mg/kg x 4 for 4 days starting on day -7, as
shown in Tables 1 and 2, followed by cyclophosphamide given i.v. at
60 mg/kg for 2 days. In all patients, about 50% of busulphan doses 1 and
16 (Fig. 1) was replaced by dg-BU capsules, and the treatment was
started at 8:00 a.m. to minimize the risk of chronopharmacological
effects as described previously [21, 24]. The doses of busulphan and
ds-BU are shown in Tables 1 and 2.
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A Sample collection. Blood samples (4—7 ml) were drawn from a central

venous catheter into heparinized glass tubes. The sampling was more

1000 } A frequent during the first and the last dose (1620 samples) as compared

with the other doses. For determination of the mean minimal concentra-

\ i tion during the 4 days of treatment, one blood sample was drawn imme-

- \ . diately before each dose interval. The plasma was separated by centrifu-
N

\ . gation and stored at —20° C until analysis.
}' B AN
500 | \ ~_ W\ ) - .
7 Busulphan and ds-BU determination. Internal standard (IS) [1,5-bis

5‘-\ i \ (methanesulfonoxy)pentane], sodium iodide and n-heptane were added
; to the plasma samples (1 ml). Busulphan, dg-BU and IS were determined

\. after their conversion to 1,4-diiodobutane, 1,4-ds-diiodobutane and 1,5-

* \ diiodopentane, respectively, either by GC with electron-capture detection

L L L N [25] or with GC-MS in the selected ion-monitoring mode (SIM) [26].
0 24 48 72 26
Time (hr)

Concentration (ng/mt)

Pharmacokinetic analysis. Pharmacokinetic parameters for dg-BU and
for the last dose of busulphan were calculated using the PCNONLIN
1500 B program (Statistical Consultants, Inc., USA). The plasma-concentration
A - data were analysed, and values for the maximal plasma concentration
h (Cmax), the time required to reach Crmax (fmax), the area under the plasma
\ concentration-time curve (AUC) and the plasma elimination half-life
1000 L \ (#172) for the first and the last dose of dg-BU and the last dose of busulphan
— . | were calculated according to a linear one-compartment open model. The

e \ /./ \ ya \ \ apparent terminal slopes following only the first dose of busulphan were
) ) ! calculated by semilogarithmic regression analysis. The differences

\ within the groups were established using Student’s paired ¢-test, whereas
500 \ differences between the groups were analysed using Student’s unpaired
- t-test and two-sample analysis. The decrease in steady-state level for

Concentration (ng/ml)

,.I .‘-§_ each patient was established using linear regression analysis of the mean
I‘ '\ minimal concentrations determined (the concentration of busulphan mea-
. ) : sured immediately before each dose) after the steady-state level had been
o 24 48 72 96 120 reacted (doses 4—-16).
Time (hr)

Fig. 1. A Plasma concentrations of busulphan and ds-BU measured in

patient 9 of the phenytoin-treated group, showing a decrease in steady-

state levels during the treatment period. - — -, Busulphan; @ @, Results

ds-BU during the first and last doses. B Plasma concentrations of busul-

phan and ds-BU measured in patient 4 of the diazepam-treated group, L.

showing no decrease in steady-state levels during the treatment period. The pharmacokinetic parameters for both dose 1 and
- — -, Busulphan; @ @, ds-BU during the first and last doses dose 16 (ds-BU) are given in Table 3 for the group of

patients who received phenytoin as anticonvulsant prophy-
laxis (group A) and in Table 4 for those who received
diazepam (group B).

Table 3. Pharmacokinetic parameters for ds-BU in phenytoin-treated patients

Patient First dose Last dose
number
Chnax Fmax AUC C/it vd te Crax Fmax AUC C/t VD tin
(ng/ml)  (h) (nghml) (mlmintkg!) (kgt) (b) (ng/ml) (h) (nghml™) (mlmin‘kg) (kg (h)
1 412 2.61 6,025 277 0.82 3.12 418 249 5,831 2.86 0.77 3.06
2 530 149 11,355 1.47 0.83 649 344 195 7,216 2.31 0.82 4.03
3 368 2.44 5,255 3.17 0.99 374 394 2,12 4345 3.84 0.85 2.57
4 533 3.31 4,793 3.48 0.98 272 276 2.18 4,052 4.11 0.84 2.33
5 614 1.34 8,104 2.05 0.42 369 693 1.88 7,657 2.18 0.34 2.81
6 476 244 7,446 2.24 0.76 394 616 096 6,554 2.54 0.76 341
7 467 1.65 4,498 3.71 1.16 3.60 333 1.24 3,255 5.12 1.07 2.52
8 427 0.49 6,231 2.67 1.08 468 411 1.50 5,565 3.01 0.95 3.67
9 466 0.77 4,572 3.65 1.08 348 381 0.86 4,233 3.94 0.96 2.83
Mean + 477 £ 1.84 + 6475 2.80 + 090 = 394 + 430 + 1.69 = 5412 + 332+ 0.82+ 3.03+
SD 74 0.92 2,223 . 0.78 0.23 1.10 136 057 1,534 0.99 0.21 0.57

Crax, Maximal plasma concentration; fmax, time for Cyax; AUC, area under the plasma concentration-time curve (corrected for dose/kg); #1/2, plasma
elimination half-life; Vd, distribution volume; C/, total body clearance based on f = 1



184

Table 4. Pharmacokinetic parameters for ds-BU in diazepam-treated patients

Patient First dose Last dose
number
Cinax tmax  AUC C/f vd fir Crax Tmax AUC (0% vd 5773
(ng/ml) () (ughml?) (mmintkg?) (kg?) () (ng/ml) (b) (nghmll) (mlmin-kgl) (kg!) (h)
1 615 1.67 6,536 2.55 0.72 322 698 1.19 7816 2.12 0.61 3.36
2 572 0.65 5,856 2.85 0.77 314 440 1.82 5427 3.05 0.84 3.21
3 486 1.61 6,346 2.63 0.83 3.62 357 2.60 6,904 2.42 0.83 3.96
4 331 3.76 5,611 297 1.05 407 406 6.19 7,270 2.27 0.84 4.25
5 440 2.51 6,698 2.49 0.72 330 550 2.05 8,049 2.08 0.62 3.44
6 540 2.11 11,516 1.45 0.78 6.28 428 1.90 7,760 2.17 0.80 4.28
7 499 2.27 7,727 2.16 0.68 3.67 409 143 6,841 2.43 0.88 4,19
8 366 3.49 6,390 2.61 0.58 259 334 375 6,306 2.63 0.71 3.14
Mean 481 + 226 = 7,085 &= 246 + 077 £ 374 453+ 262 = 7,047 + 240+ 077+ 373+
+SD 98 1.01 1,898 0.47 0.14 112 118 1.65 877 0.32 0.11 0.49

Cinax, Maximal plasma concentration; fmax, time for Cmax; AUC, area under the plasma concentration-time curve (corrected for dose/kg); /2, plasma
elimination half-life; Vd, distribution volume; C/f, total body clearance based onf=1

The time required to reach the Cmax of ds-BU in both
groups varied between 0.49 and 6.19 h. No difference was
observed between the first and the last dose within either
group, whereas a slightly shorter fmax was found in
group A as compared with group B for both doses. This
difference was similar to that seen for busulphan at dose 16
between the groups (1.70 =+ 1.38 h for group A vs
2.04 + 1.65 h for group B). The absorption of ds-BU in
group B for both the first and the last dose obeyed first-
order kinetics, whereas in group A, seven of nine patients
displayed a zero-order absorption mechanism.

The AUC (corrected for dose/kilogram) for the first
dose - of ds-BU  was significantly ~ higher
(6,475 + 2,223 ng h ml-1; P = 0.02) than that for the last
dose (5,412 =+ 1,534nghml-!) in group A patients,
whereas no difference between the first and the last dose
was seen in group B in that respect. The AUC for the last
dose was significantly lower in group A than in group B
(P =0.01). No difference was obtained when the AUCs for
the first dose were compared between the two groups.

Patients treated with phenytoin showed a significantly
higher (P = 0.006) clearance of ds-BU after the last dose
(3.32 + 0.99 ml min-1 kg-1) as compared with the first
dose (2.80 + 0.78 ml min—! kg-1). The clearance of ds-BU
after the last dose was also higher in group A as compared
with group B (P = 0.03). Clearance did not change signifi-
cantly from the first to the last dose of ds-BU in patients of
group B (2.46 and 2.40 ml min-lkg-1, respectively).
Moreover, busulphan’s clearance (last dose) showed a ten-
dency to be higher in group A than in group B
(3.30 + 0.44 vs 2.85 #+ 0.47 ml min-! kg-1).

The elimination of ds-BU was significantly faster
(P = 0.003) after the last dose (3.03 x 0.57 h} as com-
pared with the first dose (3.94 £ 1.10 h) in group A,
whereas no difference was observed in group B (7172, 3.73
and 3.74 h, respectively). There was a significant differ-
ence (P = 0.01) in the last-dose elimination half-lives ob-
served between group A and group B.

The elimination half-life determined for the last dose of
busulphan in group A was slightly (P = 0.06) shorter
(2.70 £ 0.88 h; range, 1.39~4.24 h) than that found for

Table 5. Decrease in steady-state levels of busulphan for both patient
groups

Patient number  Intercept  Slope Significance Decrease

(group) (ng/ml) level (P) after 16
doses (%)

6 (A) 1,540 -14.81 0.0005 52

7(A) 637 -3.51 0.005 22

8(A) 1,467 -9.29 0.0001 32

9(A) 1,092 -8.01 0.002 27

6(B) 1,438 -8.18 0.02 20

the first dose (3.59 *+ 1.29 h; range, 0.94-5.13 h; the 12
for the first dose was calculated for each patient on the
basis of 3—4 observations). However, in group B the elim-
ination half-life determined for the last dose
(2.98 % 0.33 h; range, 2.40—3.40 h) did not differ signifi-
cantly (P = 0.2) from that calculated for the first dose
(3.38 £ 1.14 h; range, 2.34-5.81 h).

No change in the distribution volume of ds-BU was
observed during busulphan conditioning. Distribution
volumes of 0.90 = 0.23 and 0.82 + 0.21 L kg-! were ob-
tained in group A during the first dose and the last dose,
respectively. For group B, distribution volumes of
0.77 + 0.14 1 kg1 for the first dose and 0.77 + 0.11 1 kg-!
for the last dose were calculated. These values were similar
to those obtained for groups A and B during the last dose of
busulphan (0.64 + 0.18 and 0.73 + 0.101kg-!, respec-
tively).

A continuous and significant decrease in the steady-
state level of busulphan was found in four of seven patients
in group A (Table 5). The percentage of decrease was cal-
culated from the regression line as the ratio between the
plasma level measured at dose 16 and that determined at
dose 3. On the other hand, only one individual (patient 6)
in group B showed a continuous decrease by 20%. This
patient displayed an extremely long elimination half-life
for both busulphan and ds-BU during the first and last
doses.
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Busulphan has been used in conditioning regimens prior to
bone marrow transplantation more frequently during the
last decade. Busulphan is a lipophilic small compound that
is rapidly absorbed from the gastrointestinal tract and
highly metabolized in the liver. In the present study,
deuteration of busuiphan did not result in a significant
isotope effect. Only a slightly longer plasma elimination
half-life was observed, which might have been due to an
increase in busulphan’s lipophilicity or to a slower enzy-
matic reaction of the deuterated analogue. However, this
difference in plasma half-life was of the same magnitude
for both the first and the last dose and was seen in both
patient groups, which most likely makes both busulphan
and dsg-BU pharmacokinetically comparable.

The dose-dependent neurotoxicity of busulphan is well
established [13], and many cases of convulsions have been
reported, mostly in adults. Martell et al. [9] reported a
myoclonic case of epilepsy; Marcus and Goldman [11]
described a case of consciousness loss and intermittent
muscle twitching; and De La Camara et al. [12] described
three cases of generalized seizures that did not result in
neurological deficits which occurred despite the use of
anticonvulsant prophylaxis in two of these three patients.
Santos [27] estimated the rate of occurrence of convulsions
to be 10% in over 100 adult patients with acute leukaemia.
The rate of convulsions was reported to be 1.7% in very
young children receiving 16 mg/kg busulphan and 15.4%
in young children when the dose was adjusted to
600 mg/m2. This difference was due to higher systemic
exposure as reported by Vassal et al. in a recent study [13].

However, convulsions in adults have been described
mostly as generalized tonic-clonic convulsions without
neurological sequelae, usually occur on the 2nd day of
treatment [10, 11] and can even occur at 18 —24 h after the
last dose as reported by Grigg et al. [28]. A possible reason
for these convulsions might be the continuous exposure of
the brain to at least 20% of the busulphan dose during
4-day treatment [14, 15] or an accumulation of busulphan
metabolites in the brain, which has been noted in the rat
brain [29].

To prevent the occurrence of seizures, clonazepam was
recommended by Vassal et al. [13] as prophylaxis for
children, whereas phenytoin has been recommended by
Sureda et al. [10] and Grigg et al. [28] for adult patients.
Phenytoin is a common, widely used anticonvulsant agent.
It has been shown that phenytoin induces serum bilirubin
[30] and many liver enzymes such as y-glutamyltransferase
(y-GT) in adult epileptic patients [31], and in children it
induces v-GT and may cause liver damage [17].

In the present investigation, phenytoin-treated patients
displayed significantly shorter elimination half-lives,
higher clearance and lower AUCs after the last dose of
ds-BU as compared with the first dose. On the other hand,
none of the above-mentioned parameters was affected
when diazepam was used as prophylaxis in seven of eight
patients. Also, none of the patients in either group showed
any sign of neurotoxicity during HD-BU therapy. A con-
tinuous decrease in the steady state-level of busulphan was
observed in four of seven patients in the phenytoin-treated
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group as compared with only one of the patients receiving
diazepam. These results are in good agreement with those
of our previous study [21], in which we reported that about
40% of the patients showed a continuous decrease in the
steady-state level of busulphan. In a retrospective analysis,
it was found that about 90% of those patients were treated
with phenytoin as anticonvulsant prophylaxis.

The present results might explain the observations re-
ported by Fitzsimmons et al. [19, 20], who were capable of
decreasing the neurotoxicity and myelotoxicity of busul-
phan in a murine model pretreated with phenytoin. In this
respect, busulphan does not differ from many other drugs
such as misonidazole, prednisolone and paracetamol, for
which it has been shown that phenytoin administration can
alter their pharmacokinetics, pharmacodynamics and tox-
icity [32-35].

On the other hand, Grigg et al. [28] reported that three
patients experienced myoclonic jerks during HD-BU ther-
apy given in combination with phenytoin as an anticonvul-
sant. In two of these cases the phenytoin levels were about
10 mmol/l, which is far from the therapeutic range (40—
80 mmol/l). Many authors have reported decreased pheny-
toin levels during antineoplastic therapy with a combina-
tion regimen of carmustine, methotrexate and vinblastine
or cisplatin, vinblastine and bleomycin [36—-38]. However,
the levels of phenytoin were normalized after termination
of the antineoplastic therapy. In all three of the above-cited
publications it was concluded that malabsorption was the
most likely explanation for the decreased phenytoin levels,
whereas an increase in the distribution volume or an in- .
crease in the rate of metabolism of phenytoin during anti-
neoplastic therapy was given as an explanation by Neef
and De Voogd-van der Straaten [39]. Since it is known that
busulphan is extensively metabolized in both the rat and
the human liver [4, 22, 23] and that phenytoin therapy can
enhance liver activity, it is obvious that phenytoin adminis-
tration can alter busulphan’s pharmacokinetics and, most
probably, its pharmacodynamics. In addition, it seems that
busulphan, like other antineoplastic drugs {28, 35-38], can
alter phenytoin’s pharmacokinetics by inducing either mal-
absorption, a change in its distribution volume and/or an
increase in the rate of its metabolism.

In summary, we conclude that phenytoin as an anticon-
vulsant alters the pharmacokinetics of busulphan and
decreases its steady-state level during high-dose therapy,
which most likely changes its pharmacodynamics, result-
ing in less effective myeloablative therapy prior to bone
marrow transplantation. For adequate antiseizure prophy-
laxis, anticonvulsants with fewer enzyme-inductive prop-
erties than phenytoin should be used.
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