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Abstract High-dose thioTEPA is used frequently in
myeloablative regimens for marrow transplantation,
but the need for dose adjustments in obese patients has
not been explored. We determined the pharmaco-
kinetics of thioTEPA and its metabolite TEPA during
first-dose infusion of thioTEPA 150-250 mg/m? given
daily for 3 days in combination with busulfan and
cyclophosphamide, and evaluated the results for cor-
relations with toxicity and dosing strategies. The study
included 15 adults undergoing marrow transplantation
for hematologic malignancies. Plasma samples were
obtained at various times over a 24-h period, and
concentrations of thioTEPA and TEPA were measured
by gas chromatography. At 22-24 h after initiation of
a 4-h infusion, the mean + SE plasma concentration of
thioTEPA was 124 + 63 ng/ml, while that of TEPA
was 235+ 69 ng/ml. For CFU-GM and BFU-E
growth in vitro, the IC5,s of thioTEPA were 83 ng/ml
and 16 ng/ml, respectively, and the IC5,s of TEPA were
141 ng/ml and 47 ng/ml, respectively. Using a two-
compartment model, the mean thioTEPA Vc was
474 +4.71/m?, t, 5,00 19 &+ 5min, ¢, 3.7 + 0.5 h, and
plasma clearance 302 + 21 ml/min per m?. The mean
AUCs were 6.9-16.2 mg h/] for thioTEPA and 8.9-21.2
mgh/1 for TEPA, while the mean peak concentrations
were 0.95-2.08 pg/ml for thiocTEPA and 0.88-1.90 pg/ml
for TEPA. There was a significant association of grades
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2-4 maximum regimen-related toxicity (RRT) with
TEPA peak > 1.75pg/ml and with combined
thioTEPA and TEPA AUC > 30 mgh/1 (5/6 vs 0/9,
P =0.01 for both comparisons), suggesting that drug
exposure was an important determinant of toxicity
and, potentially, efficacy. ThioTEPA Vc correlated best
with adjusted body weight (r = 0.74, P = 0.0015). In an
evaluation of 74 adults receiving thioTEPA 750 mg/m?
in combination with busulfan and cyclophosphamide,
the maximum RRT for patients at ideal weight was
significantly greater than that for obese patients dosed
on ideal weight (mean RRT grade 1.7 vs 1.0, P = 0.004)
but did not differ from the maximum RRT for obese
adults dosed on actual or adjusted weights. We recom-
mend that for obese patients thioTEPA be dosed on
adjusted body weight. Measurements at time-points
after 24 h are needed to determine when thioTEPA and
TEPA concentrations are below myelosuppressive
levels and safe for marrow infusion.
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Introduction

N, N', N"-Triethylenethiophosphoramide (thioTEPA)
is a polyfunctional alkylating agent with a long reputa-
tion for activity in the treatment of solid tumors and
hematologic malignancies [3, 17]. In single-dose phase
I studies, the maximal tolerated dose (MTD) of
thioTEPA has been shown to be 65 mg/m? and
myelosuppression is the dose-limiting toxicity [ 14, 24].
With fractionation of the dose over 3—4 days and with
hematopoietic stem cell support, the MTD of
thioTEPA is 900 mg/m? as a single agent [32] and
500-750 mg/m? when used in combinations [9, 29-31],
and dose escalation is associated with an improvement
in response rates for patients with refractory disease.
The activity of thioTEPA in a broad range of tumors
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and its lack of toxicities that overlap with other alkyl-
ating agents has led to its frequent use in high-dose
regimens.

In vivo thioTEPA undergoes oxidative desulfuration
to TEPA, an active metabolite [21], and the conversion
to TEPA may be saturable [ 14, 15, 24]. Since cumulat-
ive urinary alkylating activity exceeds the sum of
measurable thioTEPA and TEPA concentrations
[5,13], it is likely that other active metabolites are
formed, but these have not yet been identified. Over
a broad range of doses in adults, thioTEPA has been
reported to have a t;,,B of 1.3-5.2 h, a clearance of
10-28 1/h per m?, and a volume of distribution (Vc) of
27-65 1/m? [1, 5, 10, 12, 13, 15, 16, 24, 25]. Using
conventional doses of thiocTEPA, the half-life (z,,,) of
TEPA is 4.9-17.6 h [ 10, 13, 24, 25], but TEPA Kkinetics
have not been reported for patients on high-dose
regimens.

When using chemotherapeutic agents at the limit of
nonhematologic toxicity, there is a substantial risk for
adverse outcome. This underscores the need for accu-
rate dosing. Obesity has been identified as one factor
that may complicate drug dosing [6]. Little has been
published on the need for dose adjustments when using
chemotherapeutic agents in obese patients [ 18, 27, 33],
and no information is available for thioTEPA. We
determined the pharmacokinetics of thioTEPA and its
metabolite TEPA during first-dose infusion of a 3-day
schedule in a high-dose combination regimen and
evaluated these results for correlations with toxicity
and dosing strategy.

Materials and methods

Patients and treatment

The pharmacokinetics study included 15 adults from a phase I
protocol. All patients had advanced hematologic malignancies and
were undergoing autologous or allogeneic marrow transplantation
(Table 1). The preparative regimens consisted of thioTEPA
150-250 mg/m? i.v. daily for 3 days, busulfan 1 mg/kg orally every
6 h for 10 or 12 doses, and cyclophosphamide 60 mg/kg i.v. daily for
2 days. Details of the clinical studies have been described previously
[8, 29, 30]. The protocol was approved by the Surveillance Commit-
tee of the M.D. Anderson Cancer Center, and written informed
consent was obtained from each patient.

Eight patients in the pharmacokinetics study were more than 10%
above ideal body weight, and six of these were more than 20% above
ideal body weight. The dose of thioTEPA administered was based
on the body surface area (BSA) calculated from ideal weight where
BSA (m?) = [height (m)x weight (kg)/3600]/% [20], and ideal
weight (kg) = (0.9)[height (cm) — 152] 4+ 50 (or + 45.5 for females)
[7]. ThioTEPA supplied as a powder was reconstituted to 10 mg/ml
in normal saline, and the calculated dose was infused intravenously
by pump over 4 h.

For the evaluation of the effects of dosing basis on regimen-related
toxicity (RRT), data were obtained from a toxicity database for all
patients treated with thioTEPA 250 mg/m? iv. daily for 3 days,
busulfan 1 mg/kg orally every 6 h for ten doses, and cyclophos-
phamide 60 mg/kg i.v. daily for 2 or 3 days as described previously
[28]. For patients more than 20% above ideal body weight, busulfan

Table 1 Patient characteristics

Number of patients 15
Males/females 11/4
Median age (years) 335
Range 16-54
Performance status

0 5

1

2 1
Prior therapy

Chemotherapy 7

Radiation 0

Both 8
Diagnosis

Leukemia 8

Lymphoma 7
Transplant type

Autologous 7

Allogeneic 8

was dosed on ideal weight and cyclophosphamide on adjusted
weight. Adjusted body weight was calculated as ideal weight +
0.4(actual weight — ideal weight) [23].

Toxicity grading

Early RRT was graded according to the criteria of Bearman et al.
[4]. In this system, grade 1 toxicity is reversible without treatment,
grade 2 is not life threatening but requires treatment, grade 3 re-
quires life-support intervention, and grade 4 is fatal. RRT in each
organ system was scored as the highest grade achieved in that organ
system through day 28, except that deaths occurring after day 28 as a
result of RRT occurring before day 28 were also scored as grade 4.
Adverse events that could be attributed to infection (culture proven),
bleeding, or other medications were not scored as RRT. The maximum
toxicity was the highest grade recorded in any individual organ system.

In vitro colony inhibition assays

ThioTEPA (Lederle Laboratories, Pearl River, N.Y.) or TEPA (ob-
tained from Dr. G. Sosnovsky, University of Wisconsin, Madison,
Wis.) was added at concentrations of 50-500 ng/ml at initiation of
cultures of 2 x 10° low-density marrow cells in 0.8% methylcellulose
with Iscove’s modified Dulbecco’s medium (GIBCO, Grand Island,
N.Y.), 30% fetal calf serum, 10 ng/ml recombinant sargramostim or
15 ng/ml interleukin-3, 50 ng/ml stem cell factor (Immunex Corp.,
Seattle, Wash.), and 1.0 U/ml human erythropoietin (British Colum-
bia Research Institute, Vancouver, B.C.). Duplicate cultures at each
concentration were incubated for 14 days at 37°C in humidified air
containing 5% CO,. Aggregates of more than 500 hemoglobinized
cells or with three or more erythroid subcolonies were identified as
burst-forming units-erythroid (BFU-E). Clusters of 40 or more
granulocytes, macrophages, or both were identified as colony-form-
ing units-granulocyte-macrophage (CFU-GM). The numbers of
BFU-E and CFU-GM were ascertained for cultures with (experi-
mental) and without (control) added drug, and the percent inhibition
was calculated as 100 x (control — experimental)/control. The re-
sults were fitted to a logarithmic curve (True Epistat V4.01, Epistat
Services, Richardson, Tx.), and the equation was used to calculate

the concentration that provided 50% inhibition (IC).

Sample collection and analysis

Heparinized blood samples were obtained before and at 0.25, 0.5,
0.75, 1, 2, 4, 6, 8, 12, and 24 h from the start of the first infusion of



thioTEPA. Plasma was separated by centrifugation and stored at
— 20°C until analyzed. For analysis of thioTEPA, a 250-pl aliquot
of plasma was extracted with 750 pl ethyl acetate, separated by
centrifugation, evaporated to dryness under nitrogen and recon-
stituted in 100 pl ethyl acetate. For analysis of TEPA, 250 pl plasma
was extracted with chloroform, centrifuged and separated. The
chloroform layer was assayed directly. Samples were analyzed on
Hewlett Packard Model 5890 gas chromatograph equipped with
a nitrogen phosphorus detector using hydrogen at a flow rate of
3.5 ml/min and a detector temperature of 250°C. Separation was
achieved with a 1.8 m x 2 mm glass column containing OV225 on
100/120 mesh Supelcoport using helium as the carrier at a flow rate
of 30 ml/min [19]. The injector and oven temperatures were set at
180°C and 230°C, respectively, and the detector power at 30 pA.
A standard curve was generated daily using 0.05-50 pg/ml of each
analyte, and the accuracy of the curve was determined using two
independent controls. Sample concentrations of thioTEPA and
TEPA were determined by comparing the peak height of the sample
with that of the external standards. Using this technique, the within-
day and between-day coefficients of variation were less than 5%.

Pharmacokinetics and statistics

Initial parameter estimates were obtained by curve-stripping
techniques. A two-compartment model with zero-order input and
first-order elimination was fitted (PCNONLIN V3.0, Statistical
Consultants, Lexington, Ky.) to obtain disposition parameters for
thioTEPA. The area under the concentration x time curve (AUC)
was calculated by the trapezoidal rule, and the clearance was cal-
culated as dose/AUC.

Mean values are reported + 1 SE. Correlations between measures
of drug exposure and toxicity were assessed by Fisher’s exact test
with correction for multiple comparisons. Spearman’s rank correla-
tion coeflicient was calculated to determine the best concordance
between Vc and BSA. Student’s t-test was used to determine differ-
ences in maximum RRT grade between groups dosed differently.

Results

Pharmacokinetic studies were done for five patients at
each of three dose levels of thioTEPA. The mean
thioTEPA Vc was 47.4 +4.7 1/m?, t,,,019 + 5 min,
t12B 3.7 £0.5 h, plasma clearance 302 + 21 ml/min
per m?, and TEPA AUC:thioTEPA AUC ratio
1.4 +0.1. The Vc, terminal half-life, clearance of
thioTEPA, and TEPA AUC:thioTEPA AUC did not
vary significantly between dose levels. The AUCs and
peak concentrations of both thioTEPA and TEPA
were lowest at the first dose level but did not differ
between the second and third dose levels (Table 2).
ThioTEPA plasma concentrations fell quickly fol-
lowing completion of the 4-h infusion, but TEPA
plasma concentrations remained relatively high
(Fig. 1). At 22-24 h after initiation of the infusion, the
mean plasma concentration of thioTEPA was 124 +
63 ng/ml, while that of TEPA was 235 + 69 ng/ml. For
CFU-GM and BFU-E growth in vitro, the ICs,s were
83 ng/ml and 16 ng/ml, respectively, for thioTEPA, and
the IC5,s were 141 ng/ml and 47 ng/ml, respectively, for
TEPA (Fig. 2). Thus, for a proportion of the patients,
the plasma concentrations of thioTEPA and TEPA at

Table 2 Drug exposure. Values are means + SE
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ThioTEPA dose (mg/m?)

150 200 250
Number of patients 5 5 5
AUC (mgh/1)
ThioTEPA 69+1.1 162+26 122410
TEPA 89+19 212+30 182+20
Combined 159+28 374+50 304427
Peak (mg/1)
ThioTEPA 095+ 0.11 199 +£021 2.08 +0.13
TEPA 0.88 +0.14 190 +0.24 1.88 +0.15
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Fig. 1 Plasma concentrations of thioTEPA (solid line) and TEPA
(dashed line) during and after a 4-h intravenous infusion of
150 mg/m? thioTEPA

24 h were still well above the IC54s for hematopoietic
colony growth in vitro.

ThioTEPA was not detectable on the day of marrow
infusion (6 days from the last dose of thioTEPA) in any
patient tested, but two patients still had measurable
levels of TEPA in plasma samples (84 and 125 ng/ml,
respectively). One expired on day 21 posttransplant
without evidence of engraftment, and the other was
transfusion-independent but persistently pancytopenic
at 1 year posttransplant.

Correlations between toxicity and measures of drug
exposure were evaluated. Five patients developed
grades 2-4 RRT, and this occurred only in the mucosal,
hepatic and central nervous systems. There was no
correlation between grades 2—4 RRT in an individual
organ system and any of the parameters of drug expo-
sure. However, there was a significant association of
grades 2-4 maximum RRT with TEPA peak
> 1.75 pg/ml and with combined thioTEPA and
TEPA AUC > 30 mgh/1(5/6 vs 0/9, P = 0.01 for both
comparisons).

Correlations were evaluated between thioTEPA Vc
and BSA calculated from ideal, real, and adjusted
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Fig. 2A B Inhibition of BFU-E (solid line) and CFU-GM (dashed
line) in vitro by thioTEPA (A) and TEPA (B)

weights. Ve correlated best with adjusted body weight
(Fig. 3). The correlation coefficients were 0.63
(P =0.01), 0.68 (P = 0.005), and 0.74 (P = 0.0015), res-
pectively. For 74 adults receiving three doses of
thioTEPA at 250 mg/m? in combination with busulfan
and cyclophosphamide [28], maximum RRT for pa-
tients at ideal weight was significantly greater than that
for obese patients dosed on ideal weight (Table 3) but
did not differ from maximum RRT for obese adults
dosed on actual or adjusted weight.
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Fig. 3 Correlation between volume of distribution and adjusted

body surface area (BSA). The point for one patient with a BSA of
2.7 m? is off the graph

Discussion

The results in these patients demonstrate that the phar-
macokinetic disposition parameters of thioTEPA when
used at a high dose are similar to those obtained when
using conventional doses of thioTEPA [1, 5, 10, 12, 13,
15, 16, 24, 25]. Toxicity in our patients correlated with
measures of drug and/or metabolite exposure, suggest-
ing that inaccurate dosing would have major clinical
implications. A review of toxicities revealed that RRT
was significantly decreased in obese patients receiving
thioTEPA at doses based on ideal body weight, while
there was no significant difference in mean maximum
RRT between lean patients dosed on real body weight
and obese patients based on actual or on adjusted body
weight. However, the number of patients studied may
be too small to determine if actual or adjusted body
weight provided better uniformity in RRT. Since
thioTEPA Vc correlated best with adjusted body
weight, we recommend the use of adjusted body weight
for dosing thioTEPA for obese patients until more
information is available to support the use of actual
body weight.

Others have reported that following conventional
dose thioTEPA, myelosuppression correlates with
thioTEPA AUC and clearance but not with TEPA

Table 3 Effect of dosing method

on maximum toxicity (patients Actual weight

Basis of dosing Number of patients Maximum RRT

receiving thioTEPA 750 mg/m?,
busulfan 10 mg/kg and
cyclophosphamide

120-150 mg/kg as described in
reference 28). Values are

Ideal

Greater than ideal
Greater than ideal
Greater than ideal

Actual weight 49 1.7+ 0.1

Actual weight 6 1.3+ 0.3*
Adjusted weight 6 1.2 +04°
Ideal weight 13 1.0 +0.2¢

means + SE (RRT regimen-

related toxicity)

*P = 0.15 vs first group
PP =0.08 vs first group
°P = 0.004 vs first group



disposition parameters [ 10, 24]. With the use of high-
dose thioTEPA and marrow support, Antman et al. [2]
have reported that toxicity correlates with thioTEPA
AUC, but TEPA pharmacokinetics were not evaluated.
Nonhematopoietic toxicity in our patients after high-
dose thioTEPA correlated with the sum of the AUCs
for thioTEPA and TEPA, a measure of total exposure
to alkylating agents. This suggests that the combined
AUCs may be useful as a basis for an adjusted-dose
approach when using high-dose thioTEPA.

However, it should be noted that RRT in our pa-
tients reflects the effects of all agents used in the regi-
men. Thus, although correlations between RRT and
thioTEPA pharmacokinetic parameters were noted,
these may actually be surrogates for differences in over-
all drug handling rather than for thioTEPA alone.
While definite conventions for busulfan and cyclophos-
phamide dose adjustments have been promulgated
within the transplant field, an extensive literature to
support these conventions does not exist.

Some studies have suggested that metabolism of
thioTEPA may be capacity-limited [14, 24, 25], while
others have not [1, 5]. Oxidation of thioTEPA to
TEPA by P450 isozymes II1B1, IIC11, and IIC6 has
been associated with a suicide-type inactivation of
these metabolizing enzymes [21, 22]. This inactivation
has proven to be both time- and concentration-depen-
dent, resulting in considerable loss of metabolic capa-
city ( > 50%) [21]. An evaluation of thioTEPA plasma
clearance when high doses were used has demonstrated
that clearances are significantly lower for patients re-
ceiving 450-900 mg/m? in comparison with those for
patients receiving 300-450 mg/m? (117 vs 226 ml/min
per m?, P <0.001) [26]. We report an even higher
mean thioTEPA clearance (302 ml/min per m?) when
using the lower dose range of 150-250 mg/m?. Linear
regression of all doses (150-900 mg/m?) demonstrated
a significant negative correlation (P < 0.001) [26] and
supports the suggestions that metabolic clearance of
thioTEPA is saturable at high dose levels.

Although the limited sampling prohibited our ability
to fully evaluate the disposition of TEPA, the concen-
tration-time curves are consistent with a slower clear-
ance of this metabolite in comparison with that of the
parent compound. At 18-20 h after infusion, plasma
TEPA concentrations were still well above the 1C5, for
human hematopoietic colony growth in vitro. Since
metabolism of thioTEPA is associated with inactiva-
tion of the hepatic P450 enzymes involved [21], repeat-
ed doses might be expected to result in even further
delay in drug and/or metabolite clearance as well as
alter metabolism of other agents administered sub-
sequently in a combination regimen. At low dose levels,
no change in clearance or AUC could be detected
between the first and third daily doses [11], but it is not
known if this will remain true when repeated high doses
of thioTEPA are administered. Alternatively, the pre-
clinical studies may not be fully applicable in humans.
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It was noteworthy that two patients still had detectable
TEPA 6 days after the last dose of drug, and both had
problems with engraftment.

While its broad spectrum of antitumor activity
makes thioTEPA a useful agent for high-dose regimens,
the optimal dosing strategy is not clear. Our results
support the use of adjusted body weight over ideal
weight for dosing thioTEPA in obese patients, but
additional studies of long-term clearance of thioTEPA
and TEPA after repeated high-dose treatment with
thioTEPA will be required to design dose schedules
that do not induce adverse drug interactions and do
not impair engraftment.
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