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Abstract Purpose: Dexrazoxane administration prior to
short infusion doxorubicin prevents anthracycline-
related heart damage. Since delivery of doxorubicin by
96-h continuous intravenous infusion also reduces car-
diac injury, we studied delivering dexrazoxane and
doxorubicin concomitantly by prolonged intravenous
infusion. Methods: Patients with advanced malignancies
received tandem cycles of concurrent 96-h infusions of
dexrazoxane 500 mg/m”® and doxorubicin 165 mg/m?,
and 24 h after completion of chemotherapy, granulo-
cyte-colony stimulating factor (5 pg/kg) and oral levo-
floxacin (500 mg) were administered daily until the white
blood cell count reached 10,000 pl™'. Plasma samples
were analyzed for dexrazoxane and doxorubicin con-
centrations. Results: Ten patients were enrolled; eight
patients had measurable disease. Two partial responses
were observed in patients with soft-tissue sarcoma. The
median number of days of granulocytopenia
(<500 uI™") was nine and of platelet count
<20,000 pl~' was seven. Six patients received a single
cycle because of progression (one), stable disease (four),
or reversible, asymptomatic 10% decrease in cardiac
ejection fraction (two). Principal grade 3/4 toxicities
included hypotension (two), anorexia (four), stomatitis
(four), typhlitis (two), and febrile neutropenia (seven),
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with documented infection (three). One death from
neutropenic sepsis occurred. Dexrazoxane levels ranged
from 1270 to 2800 nM, and doxorubicin levels ranged
from 59.1 to 106.9 nM. Conclusions: These results sug-
gest that tandem cycles of concurrent 96-h infusions of
dexrazoxane and high-dose doxorubicin can be admin-
istered with minimal cardiac toxicity, and have activity
in patients with recurrent sarcomas. However, signifi-
cant non-cardiac toxicities indicate that the cardiac
sparing potential of this approach would be maximized
at lower dose levels of doxorubicin.

Keywords Pharmacokinetcs - Anthracycline -
Cardiotoxicity - Dexrazoxane - Doxorubicin

Introduction

The development of congestive heart failure (CHF) is a
serious sequela of anthracycline use. Known factors that
enhance the risk of developing doxorubicin-related heart
damage include cumulative anthracycline use, cardiac
irradiation, age, and preexisting cardiac disease [3, 4, 24,
38]. A retrospective analysis of three phase III studies of
patients who were randomized to a doxorubicin plus
placebo arm showed a 5.1% incidence of doxorubicin-
related CHF [34]. Furthermore, up to 5% of children
who receive an anthracycline for treatment of childhood
cancer have been observed to develop clinical heart
failure after 15 years [19]. Therefore, strategies to
minimize this toxicity have been aggressively pursued.
Dexrazoxane is a bidentate chelator of divalent cations
that, after hydrolysis, resembles EDTA. Dexrazoxane
has been shown to reduce the cardiotoxicity of anthra-
cyclines such as doxorubicin in preclinical studies
[14-16]. Dexrazoxane does not inhibit the antitumor
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effect of doxorubicin [40]. In contrast, dexrazoxane and
doxorubicin synergistically inhibit the proliferation of
murine sarcoma cells in vitro [40]. The cardioprotective
effect of dexrazoxane is, at least in part, related to its
chelation of unbound transition metals, and subsequent
inhibition of free radical generation. Clinically, dex-
razoxane has been shown to reduce the incidence and
severity of cardiomyopathy in women with metastatic
breast cancer receiving bolus doxorubicin in several
trials [30-33].

The cellular pharmacology of dexrazoxane has been
examined in beating heart myocytes of adult rats [7].
Drug uptake of radiolabeled dexrazoxane is rapid, with
maximum levels of myocyte-associated radioactivity
detected within 60 s of drug exposure. Efflux of myo-
cyte-associated dexrazoxane and its hydrolysis products
are equally rapid, and essentially complete within 1 min.
The uptake and efflux of the drug are energy-indepen-
dent and temperature-independent, and thus, are likely
to be diffusion-mediated. These results suggest that the
clinical application of dexrazoxane would be amenable
to continuous intravenous (i.v.) infusion.

Antitumor activity of ICRF-159, the racemic form of
dexrazoxane, has been demonstrated clinically in non-
small-cell lung cancer [8], colorectal carcinoma [2, 22],
Kaposi’s sarcoma [26], non-Hodgkin’s lymphoma [12],
acute leukemia [1], and head and neck carcinoma [27]. A
phase I trial of fixed dose doxorubicin (60 mg/m?)
preceded by dexrazoxane in escalating doses has been
reported [18]. The dexrazoxane was administered over a
15-min period beginning 30 min before doxorubicin
treatment; the protocol was repeated every 3 weeks.
Dose-limiting neutropenia occurred in four of six previ-
ously treated patients with dexrazoxane 600 mg/m?.
Grade 3/4 neutropenia occurred in four of six patients
treated with a maximum of one prior chemotherapy reg-
imen who received dexrazoxane at a dose of 900 mg/m?2 and
in three of four patients at a dose of 750 mg/m~. Phar-
macokinetic analyses failed to demonstrate alteration in
the distribution, metabolism, or excretion of doxorubicin.

On the basis of the rapid, diffusion-mediated cellular
uptake and short plasma half-life of dexrazoxane, we
designed a phase I pharmacokinetic trial of a 96-h con-
tinuous infusion of dexrazoxane with granulocyte-colony
stimulating factor support [37]. Dose-limiting toxicities
were limited to mild thrombocytopenia, diarrhea,
hypertension, and nausea and vomiting. At doses rang-
ing from 125 to 250 mg/m” per day, steady-state dex-
razoxane levels ranged from 496 ug/l (2.2 uM) to
1639 pg/l (7.4 uM). Although these levels were above the
levels required to induce cytotoxicity in K562 cells, an
erythroleukemic cell line (ICsy 3.6 pM [36]), no objective
responses were observed in the 21 evaluable patients.

Doxorubicin cardiotoxicity is decreased by prolonged
continuous 1i.v. infusion without compromising its
antitumor activity [6, 20, 35], in part by diminishing its
peak plasma level. Because prior clinical trials with
dexrazoxane as an anthracycline cardioprotectant had
utilized doxorubicin by i.v. bolus [18, 30-33], and based

upon our phase I trial of dexrazoxane delivered by 96-h
continuous i.v. infusion, we designed a pilot feasibility
trial of tandem cycles of 96-h continuous i.v. infusions of
the combination of dexrazoxane and dose-intensive
doxorubicin for the treatment of advanced malignancies
or malignancies considered at high risk of recurrence. We
hypothesized that increasing doxorubicin dose-intensity
might improve response rate. Moreover, we theorized
that the cardioprotectant effect of a continuous infusion
of dexrazoxane, if delivered in the appropriate molar
ratio vs the anthracycline, would be maintained in spite
of the dose intensity of the doxorubicin.

Materials and methods
Study design

This study was a single-center pilot trial designed to study
the feasibility and pharmacokinetics of delivering
concurrent dexrazoxane and high-dose doxorubicin by
96-h continuous i.v. infusion, and to compare the phar-
macokinetics of the two drugs when administered in
combination with the pharmacokinetics of 96-h continu-
ous i.v. infusion of doxorubicin or dexrazoxane each
delivered alone in previous trials [35, 37]. The planned
enrollment was ten patients. This permitted a detection of
a 16.4% change in the geometric mean area under the
curve (AUC) with 80% power, using a two-sided,
0.05-level test compared to historical pharmacokinetic
data from 20 patients given doxorubicin or dexrazoxane
alone.

Patient eligibility

All patients entered into this study were at least 18 years
of age, had either histologically proven advanced cancer,
or were selected for having the potential to benefit from
high-dose doxorubicin. Patients were required to possess
a Karnofsky performance status of 270%. Patients may
have received previous doxorubicin but must not have
received a cumulative dose of more than 300 mg/m”.
Patients were required to have adequate bone marrow
function defined as a neutrophil count of at least
2000 pl™', a platelet count of at least 120,000 ul™', and
adequate renal function defined as a creatinine clearance
>50 ml/min. Bilirubin was required to be no greater than
1.5 mg/dl, and aspartate aminotransferase and alanine
aminotransferase less than 2.5 times the upper limit of
normal. Patients were required to have a left ventricular
ejection fraction by multiple-gated blood pool (MUGA)
scan of >50%. Prior radiation to >20% of the bone
marrow was an exclusion criterion, as was prior nitro-
sourea chemotherapy. All patients provided informed,
voluntary consent, and signed an informed consent
document approved by the Cancer Protocol Review and
Monitoring Committee, and Institutional Review Board
at the City of Hope National Medical Center.



Pretreatment evaluation

Pretreatment evaluation included a complete history and
physical examination, complete blood count with dif-
ferential, a chemistry panel that included liver function
tests and serum creatinine, serum magnesium level, chest
radiograph, MUGA scan, electrocardiogram, urinalysis,
and a 24-h urine collection for creatinine clearance.
Patients with bidimensionally measurable disease were
required to have baseline evaluations within 4 weeks
before the first course of therapy. Radiologic evaluations
for repeat tumor assessments and MUGA scans were
planned after each course of therapy.

Treatment plan

Dexrazoxane 500 mg/m® and doxorubicin 165 mg/m?
were administered as 96-h continuous i.v. infusions to
inpatients. Dexrazoxane was shown to be stable in 5%
dextrose diluted to either 0.1 or 0.5 mg/ml with >90%
of its initial concentration found at up to 24 h [37].
Therefore, all patients received four consecutive 24-h
infusions of dexrazoxane diluted to < 0.5 mg/ml in 5%
dextrose along with the doxorubicin infusion. This dose
of dexrazoxane (125 mg/m? per day) was chosen based
upon our prior phase I trial that demonstrated a steady-
state dexrazoxane concentration of about 2 pM at this
drug level, an approximately 20-fold molar excess over
the doxorubicin levels of about 0.1 pM documented by
our prior investigations utilizing a 96-h continuous
infusion of doxorubicin at 165 mg/m? [35, 37]. This
more than tenfold excess of dexrazoxane to doxorubicin
has been shown to maximize the cardioprotection pro-
vided by the bis-dioxopiperazine [7, 16]. Filgrastim was
administered at a dose of 5 pg/kg as a single daily sub-
cutaneous injection beginning 24 h after completion of
chemotherapy until the white blood cell count exceeded
10,000 pl™'. Daily oral levofloxacin was administered on
the same days as the filgrastim injection. A second
course of therapy was administered within 6 weeks of
the start of the first course of treatment in the absence of
unacceptable toxicity or tumor progression.

Pharmacokinetic studies

For determination of dexrazoxane and doxorubicin
plasma pharmacokinetics, 20 ml of peripheral blood was
obtained in vacuum tubes containing sodium heparin
during the first course of therapy at the following times:
prior to the start of the infusion; at 24, 48, 72 and 96 h
during the infusion; and then at 24 and 48 h after the
end of the infusion. Samples were centrifuged at 1500 g
for 10 min, and the plasma was separated; 50 pl of
phosphoric acid (42.5% v/v) was added to each 1 ml of
plasma to prevent ex vivo hydrolysis of dexrazoxane.
Plasma was stored at —70°C until analysis by high-per-
formance liquid chromatography (HPLC).
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The HPLC method of detection of dexrazoxane levels
consisted of gradient separation across a C;g column
(150x4.6 mm; Phenomenex, Torrance, Calif.) and UV
detection at a wavelength of 209 nm. Mobile phase A
was 0.01 M phosphate buffer (pH 4.7) with 0.1 m M
EDTA, and mobile phase B was 100% methanol. The
gradient program was as follows: linear increase from
2% to 7% B by 8 min, hold at 7% B until 18 min; linear
increase from 7% to 15% by 22 min, hold at 15% B
until 31 min; linear decrease from 15% to 2% B by
33 min; and equilibrate at 2% B until 40 min. The flow
rate was constant at 1.2 ml/min. Using the HPLC con-
ditions above, the retention times for dexrazoxane and
the internal standard were 15.4 and 28.8 min, respec-
tively. The mean percentage recovery was 101.1% across
the entire range of the standard curve. Interday and
intraday precision and accuracy were within 10% of the
target value. The lower limit of detection was 10 ng/ml,
and the lower limit of quantitation, defined as a peak
height/baseline noise ratio of >3, was 20 ng/ml.

Plasma doxorubicin concentrations were determined
using a previously described loop-column method [35].
Briefly, with a manual injector turned to the load posi-
tion, plasma was injected directly onto a guard column
containing a phenyl packing material. The guard column
was washed with deionized water, and the injector
turned to the inject position, allowing the mobile phase
to carry the sample through the HPLC system. Separa-
tion was achieved with elution across a phenyl analytical
column, and detection carried out by fluorescence using
a Aex of 507 n M and /., of 550 nM. Daunorubicin was
added to each plasma sample prior to injection as an
internal standard.

Pharmacokinetic data analyses of individual plasma
drug concentration vs time curves were performed using
ADAPT II software (Biomedical Simulations Resource,
University of Southern California, Los Angeles, Calif.).
Both doxorubicin and dexrazoxane concentrations were
fitted to a two-compartment pharmacokinetic model
with first-order elimination. Adequacy of the model-
derived fits was assessed by the examination of residuals
between predicted and measured drug concentrations,
along with the correlation coefficients. Doxorubicin and
dexrazoxane systemic clearances (Clgys) were determined
using the model-derived pharmacokinetic parameters,
while the doxorubicin end of infusion concentrations
(EOI) and dexrazoxane steady-state levels were defined
as the actual measured values. The difference in mea-
sured values and those simulated using the individual
model-derived parameters were in very good agreement
for all patients.

Evaluation of toxicity and efficacy

Toxicities were graded according to the National
Cancer Institute Common Toxicity Criteria (CTC),
version 2.0, using the bone marrow transplantation
criteria of CTC v2.0 for hematologic toxicities. World
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Health Organization response criteria were used to
evaluate for objective responses in patients with bidi-
mensionally measurable lesions [23]. Responses were
confirmed by a second evaluation >1 month after the
evaluation documenting response. Response duration
was defined as time from first objective status assess-
ment of response to the first time of progression or
death due to any cause.

Results
Patient characteristics

A total of ten patients were enrolled in this study. All ten
patients were fully assessable for toxicity, and eight were

course of treatment (neurofibrosarcoma, ovarian,
breast, and adenoid cystic carcinomas), and one patient
had progressive disease (fibrosarcoma). All toxicities for
which there was greater than one drug-related occur-
rence graded 3 or higher on either course of treatment
are shown in Table 2. As expected, significant but
reversible hematologic toxicity was observed. Grade 4
neutropenia developed after every treatment course
(<100 pI™"). The median duration of absolute neutro-
penia <500 pl™' was 9 days (range 5-33 days). Fever
occurred in 12 of the treatment courses (ten patients); in
three of the courses, a documented source of infection

Table 2 Grades 3, 4, or 5 toxicities for all courses of treatment
(N=14)

; Toxicity Grade 3 Grade 4 Grade 5
assessable for response. Two patients were treated
adjuvantly, one each with soft-tissue sarcoma and thy- Electrolytes
moma. Of the ten patients entered in this study, there Dehydration 2
were six with soft-tissue sarcomas (60%), and one each gypol‘iallcemla 5 "
. . ypokalemia
with f[hymoma, ovarian cancer, brgast cancer, and Hypophosphatemia | |
adenoid cystic carcinoma of the salivary gland. The G - testinal
demographic features of the patients are shown in ﬁggg}tﬁtmd 4 .
Table 1. All ten patients had prior surgical resection, Dysphagia/stomatitis 5 1
and nine had received prior chemotherapy before study Nausea 2
entry. The patient with thymoma had rece@ved prior Hematologic
adjuvant chemotherapy with cyclophosphamide, doxo- Anemia 6 1
rubicin, vincristine, and cisplatin (CHOP), and etopo- Hemorrhage 3
side, ifosfamide, and cisplatin (VIP) for recurrence. The Leukocytes 14
median number of prior chemotherapy treatments was Neutrophils . ! 13
p py Thrombocytopenia 3 8
one (range zero to three). Prothrombin time 2
Infections
o Febrile neutropenia 7
Toxicity Infection 2 1
Typhlitis 1 1
A total of 14 treatment courses were administered. Four  Pulmonary
patients received the full prescribed course of two cycles Dyspnea 2 1
of treatment; six patients received only a single cycle of Hypoxia 1 1
treatment. Among the six patients receiving one course  Other
of treatment, one patient received treatment adjuvantly =~ Hallucinations
and refused the second course of treatment (thymoma), SHy};FC%??SIOH ! !
four patients had stable disease and declined the second
Table 1 Patient characteristics
Histology No. of Gender Age Karnofsky No. of prior Prior doxorubicin
patients (M/F) (years) performance chemotherapy (prior cumulative dose)
status (%) regimens
Thymoma 1 F 44 90 2 Yes (200 mg/m?)
Ovarian cancer 1 F 48 90 1 No
Breast cancer 1 F 57 100 3 No
Adenoid cystic carcinoma 1 F 53 70 1 No
Sarcoma 6
Rhabdomyosarcoma 1 M 34 90 3 No
Carcinosarcoma 1 F 53 80 1 Yes (300 mg/m?)
Liposarcoma 1 M 39 90 1 Yes (225 mg/m?)
Fibrosarcoma 1 M 44 80 3 Yes (270 mg/m?)
Epithelioid sarcoma 1 F 32 90 0 No
Neurofibrosarcoma 1 M 26 80 2 Yes (120 mg/m?)




was identified (one patient each with: Candida albicans
and herpes simplex pneumonia, coagulase-negative
Staphylococcus intravascular catheter sepsis, and Clos-
tridium difficile gastroenteritis/typhlitis). A patient with
neutropenic typhlitis died as a result of septic compli-
cations after the second cycle. Grade 3/4 thrombocyto-
penia developed after every treatment course. The
median duration of thrombocytopenia < 20,000 pl™"
was 7 days (range 1-11 days). Other significant, non-
hematologic toxicities included: anorexia, dyspnea,
dysphagia/stomatitis, bleeding, hypoxia, nausea, and
typhlitis.

There was no clinically significant cardiac toxicity
noted. An asymptomatic, grade 1 decline in left ven-
tricular ejection function (LVEF) was observed in two
patients after a single course of treatment. The first pa-
tient had a 10% absolute decline in LVEF (60% to
50%). She had received prior mediastinal radiation for
thymoma (4320 cGy by external beam and 1200 cGy by
intraoperative radiation), and 200 mg/m? of doxorubi-
cin given by bolus injection. Her LVEF returned to
baseline when measured 28 months later (59%). The
second patient had an 11% decline in LVEF (74% to
63%). She had a history of poorly controlled hyperten-
sion. She had not received prior doxorubicin before
undergoing protocol treatment. Further follow-up of
LVEF was not performed. A second course of treatment
was not offered to these patients due to their grade 1
decline in LVEF.

Responses

Among the eight patients assessable for response, two
achieved an objective partial response. The first patient
had recurrent alveolar rhabdomyosarcoma. He was
diagnosed at age 32 years with stage T3AN1MO disease in
the right neck with right axillary adenopathy, and was
treated with five courses of vincristine, actinomycin-D,
and cyclophosphamide, followed by radiation, achieving
a complete remission. He relapsed locally within
8 months, and progressed despite first-line and second-
line salvage chemotherapy (ifosfamide and etoposide,
high-dose ifosfamide). He achieved a partial remission
after the first cycle of protocol treatment, which was
maintained until 4 months after completion of the sec-
ond cycle of protocol treatment. He eventually died of
progressive disease. A second patient with radiation-in-
duced carcinosarcoma of the nasopharynx achieved a
sustained partial remission. She developed gastric ade-
nocarcinoma at age 43 years. She received postopera-
tive, adjuvant S5-fluorouracil, doxorubicin, vincristine,
and mitomycin-C. The cumulative dose of doxorubicin
received was 300 mg/m?>. She developed a solitary brain
metastasis less than 1 year later, which was surgically
resected and treated with external beam radiation. At
age 53 years, 10 years later, she developed a radiation-
induced nasal cavity carcinosarcoma, which was surgi-
cally removed. She developed a large, local recurrence
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within 6 months of surgery, which was no longer ame-
nable to surgery or radiation. She achieved a partial
remission after the first cycle of protocol treatment.
Continued response was noted after the second cycle of
protocol treatment. She received six additional cycles of
carboplatin and etoposide due to the presence of small
volume residual mass, although there was no change in
the size of the mass during and after completion of
carboplatin and etoposide. At the time of this report,
there was no evidence of tumor regrowth at 53 months
after completion of protocol therapy.

Pharmacokinetics

The results of the dexrazoxane and doxorubicin plasma
pharmacokinetic analyses are shown in Table 3 and
Figs. 1 and 2. The mean steady-state dexrazoxane level
was 1974 n M (range 1270-2800 n M), and the mean
end-of-infusion doxorubicin level was 83.8 n M (range
59.1-106.9 n M). Dexrazoxane and doxorubicin Clg
were 12.643.1 1/h/m? (range 8.4-18.6 I/h/m?) and
23.5+3.4 1/h/m? (range 19.3-29.5 1/h/m?), respectively.

Table 3 Dexrazoxane and doxorubicin plasma pharmacokinetics
(EOI end of infusion concentration, Cly,, systemic clearance, Cg,
steady-state concentration)

Patient Doxorubicin Dexrazoxane  Dex/Dox
EOI concentration Clgys Css Clgys
(nM) (I/h/m?) (M) (I/h/m?)
1 76.9 20.5 2610 9.0 33.9
2 78.0 25.0 1550 152 19.9
3 94.9 25.2 1910 124 20.1
4 94.9 20.8 2000 11.8 21.1
5 98.2 29.5 1930 122 19.6
6 59.1 20.5 1270 18.6 21.5
7 76.2 21.9 1600 14.8 21.0
8 79.5 25.0 2310 10.2 29.1
9 74.0 27.8 1760 13.4 23.8
10 106.9 19.3 2800 8.4 26.2
Average 83.8 23.5 1974 12.6 23.6
SD 14.4 3.4 479 3.1 4.7
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Fig. 1 Steady-state concentration of dexrazoxane. The figure
demonstrates the steady-state concentration of dexrazoxane. A
mean steady-state concentration of 1974 nM (range 1270-
2800 nM, SD 479 nM) was achievable by 24 h
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Fig. 2 Plasma concentrations of doxorubicin. This figure demon-
strates the plasma concentrations of doxorubicin at the indicated
time points sampled. The mean end-of-infusion doxorubicin
concentration was 83.8 nM (range 59.1-106.9 nM, SD 14.4 nM).
The plasma concentration of doxorubicin rapidly declined upon
completion of the doxorubicin infusion

Plasma dexrazoxane levels exceeded plasma doxorubicin
levels by a mean of 23.6-fold (range 19.9-33.9).

Discussion

Doxorubicin has a major role in the treatment of
numerous solid tumors and hematologic malignancies in
both adult and pediatric patients. It has improved event-
free survival for women with early breast cancer and for
many pediatric cancers [10, 11, 17, 28, 41], and its pal-
liative role in women with advanced breast cancer is
clearly established [9]. Despite this, its use is constrained
by its most important clinical side effect, cumulative and
dose-dependent cardiotoxicity. The dose-dependency of
doxorubicin-induced cardiotoxicity was illustrated more
than two decades ago by Von Hoff et al. in which the
cumulative probability of developing drug-induced CHF
was 0.03 at 400 mg/m?, 0.07 at 550 mg/m?, and 0.18 at
700 mg/m? in both children and adults. The probability
of CHF increased dramatically after a total dose of
550 mg/m? was reached [38].

Previous studies have clearly demonstrated that car-
diotoxicity induced by short infusions of doxorubicin
may be reduced by pretreatment with dexrazoxane [18,
30-33]. The optimal dexrazoxane/doxorubicin dose ratio
in these studies was determined to be 10:1 [32, 33].
Additionally, delayed administration of dexrazoxane
provided significant cardioprotection for patients with
advanced breast cancer even after patients had reached a
cumulative doxorubicin dose of 300 mg/m? [32].

We have been interested in dose-intensive, prolonged
infusion doxorubicin as a means of overcoming intrinsic
chemotherapy resistance while minimizing cardiac tox-
icity [25, 29]. Previously, we reported a trial of tandem
cycles of dose-intensive doxorubicin (150 mg/m?) and
cyclophosphamide (4.2 g/m?) in patients with high-risk

or metastatic breast cancer [25]. Pretreatment and post-
treatment endomyocardial biopsies documented that no
significant cardiac damage occurred. However, patients
entered on these trials had received < 180 mg/m? of
doxorubicin previously. To pursue this approach further
and increase cardiac protection so as to expand the
range of patients eligible for such treatment, we were
interested in the use of dexrazoxane by infusion as a car-
dioprotectant in combination with prolonged infusions of
doxorubicin. In our preliminary phase I trial of 96-h
prolonged infusion dexrazoxane followed by G-CSF
support, we established the maximal tolerated dose
(MTD) of dexrazoxane to be 665 mg/m?/96 h [37]. The
dose-limiting toxicities were thrombocytopenia, gastro-
intestinal toxicity, and hypertension; whereas, in earlier
phase I studies of dexrazoxane given as a short infusion,
myelosuppression (particularly thrombocytopenia) was
the major toxicity [21, 39]. This demonstrates the sche-
dule-dependent toxicity of this drug. The results of our
phase I study encouraged us to examine whether giving
both agents as concurrent 96-h infusions was feasible.

The MTD (on a milligram basis) of dexrazoxane for
our phase I trial (665 mg/m?) was four times the dose of
doxorubicin used in our dose-intensive doxorubicin trials
(165 mg/m?). Our pharmacokinetic studies demonstrated
that the steady-state plasma levels of dexrazoxane at the
MTD were about 18 times greater than those of doxo-
rubicin [35, 37]. Accordingly, we designed the current
trial to simultaneously combine 96-h continuous infu-
sions of dexrazoxane 500 mg/m” and doxorubicin
165 mg/m>. As we anticipated, the pharmacokinetic
studies from the present trial confirmed that the plasma
levels of dexrazoxane exceeded the plasma doxorubicin
levels by a mean of 24-fold, and steady-state levels of both
dexrazoxane and doxorubicin were achieved by 24 h.
Whereas the hematologic toxicity of infusional dex-
razoxane and dose-intensive doxorubicin is severe, but
manageable with blood product and growth factor sup-
port, cardiac toxicity is minimal. There was no clinically
significant cardiac toxicity noted in this study. Of the two
patients with >210% asymptomatic decline in LVEF after
one course of therapy, the LVEF of one patient had
returned to baseline when measured more than 2 years
later. These results support our original hypothesis that
simultaneous administration of 96-h continuous infu-
sions of dexrazoxane and high-dose doxorubicin can be
accomplished with minimal cardiotoxicity.

We previously reported the effect of dose on the
pharmacokinetics of doxorubicin administered as a 96-h
continuous infusion [35]. In that study, we compared
previously published pharmacokinetic data: 31.9 nM for
60 mg/m*, 47.1 nM for 100 mg/m? to our pharmacoki-
netic data for doxorubicin 165 mg/m? (102.2+ 7.2 nM)
[5]. Doxorubicin plasma levels were dose-dependent,
strongly suggesting linear pharmacokinetic behavior.
Results from the present trial confirm our previous
findings. When combined with infusional dexrazoxane,
the mean end-of-infusion doxorubicin level and systemic
clearance are well within the confidence intervals of our



prior study. Consequently, the addition of concurrent
continuous infusion dexrazoxane does not appear to
significantly alter the pharmacokinetics of 96-h contin-
uous infusion doxorubicin.

In contrast, the pharmacokinetics of dexrazoxane
appear to be significantly affected by the concurrent
administration of doxorubicin. We previously determined
the clearance of single-agent dexrazoxane administered as
a 96-h continuous to be 6.7+ 1.6 1/h/m? [37]. However, in
the present trial, we found that the systemic clearance of
dexrazoxane was approximately twice as fast when com-
bined with infusional doxorubicin (12.6+3.1 1/h/ m?).
The increased clearance of dexrazoxane in the presence of
doxorubicin was reflected in the mean steady-state
concentration of dexrazoxane determined in the two
trials. In the current study, the mean steady-state
concentration (1974 £479 n M) was twofold lower than
the mean level seen with single-agent dexrazoxane given at
the same dose (4006 =806 n M) [37].

One possible explanation for the increased clearance
and resulting lower steady-state dexrazoxane concen-
trations may be an interaction between circulating
doxorubicin-metal complexes in plasma and dexrazox-
ane [13]. Hasinoff et al. have demonstrated that both
Fe* " -doxorubicin and Cu®*-doxorubicin react directly
with dexrazoxane promoting a ring-opening hydrolysis
of dexrazoxane that results in displacement of the metal
ion from its complex with doxorubicin. Evidence in
support of this metal ion complex-promoted hydrolysis
includes the identification of a mixed ligand complex,
which exhibits saturation behavior at high dexrazoxane
concentrations. Further, direct spectroscopic evidence of
both a Cu®*—doxorubicin-dexrazoxane mixed ligand
complex and a Cu?"—(doxorubicin-dexrazoxane)2
complex is demonstrable [13]. We believe these in vitro
results are consistent with our in vivo finding that dex-
razoxane clearance may be enhanced through hydrolysis
in the setting of a concurrent doxorubicin infusion. To
the extent that this hypothesis has merit, the presence of
circulating doxorubicin/metal complexes in vivo pro-
vides additional support for the possible need for a
continuous presence of the cardioprotective agent.

Although high-dose doxorubicin-induced cardiac
toxicity can be prevented by the simultaneous prolonged
infusion of dexrazoxane, hematologic toxicity proved
limiting in this trial. Despite the use of prophylactic
filgrastim and prophylactic broad-spectrum oral antibi-
otic, grade 4 neutropenia and thrombocytopenia
developed after every treatment course, and febrile
neutropenia or neutropenia with infection occurred in 12
of the 14 treatment courses. A grade 5 neutropenic
typhlitis was also observed. As a result, the present
regimen at these doses cannot be recommended outside
a clinical trial.

Despite the hematologic toxicity, gratifying responses
were observed in this trial. Of the eight patients with
advanced disease, two partial remissions were observed
among patients with recurrent soft-tissue sarcoma who
had received prior chemotherapy. The current trial
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represented third-line salvage chemotherapy of chemo-
therapy-refractory disease for the patient with recurrent
rhabdomyosarcoma. For the patient with radiation-in-
duced carcinosarcoma, the current trial represented first-
line chemotherapy, although 10 years earlier she had
received a cumulative dose of 300 mg/m? doxorubicin
for adjuvant therapy of gastric cancer. At the time of
writing, she remained in sustained partial remission
53 months after participation in this clinical trial. These
results suggest that concurrent prolonged administration
of dexrazoxane and high-dose doxorubicin has signifi-
cant activity in the therapy of recurrent soft-tissue sar-
comas. As a result, we have opened a phase II trial of
this regimen for recurrent soft-tissue and bone sarcomas.
To reduce hematologic toxicity in the phase II setting,
we have reduced the dose of doxorubicin and dex-
razoxane in the second course to 120 and 365 mg/m>,
respectively.

In summary, this pilot feasibility study represents
the first reported clinical trial of concurrent adminis-
tration of a 96-h continuous infusion of dexrazoxane
and high-dose doxorubicin. As more pediatric clinical
trials employ dose-intensive strategies with prolonged
doxorubicin infusions and higher cumulative doses, the
present approach may offer a strategy to reduce the
risk of developing late doxorubicin-associated cardio-
myopathy.
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