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Abstract Background and objectives: Peritoneal surface
malignancy is a common manifestation of failure of
treatment for abdominal cancers. Best results of treat-
ment have been achieved with complete cytoreduction
followed by heated intraoperative chemotherapy.
Melphalan is a chemotherapeutic agent that shows in-
creased pharmacological activity with heat. But the
combination of intraperitoneal administration and heat
have never been tested for this drug. The purpose of this
study was to evaluate the effect of hyperthermia on the
pharmacokinetics and tissue distribution of intraperito-
neal melphalan in a rodent model. Methods: Melphalan
was given by the intraperitoneal route to 20 Sprague-
Dawley rats at a dose of 12 mg/kg over 90 min. Rats
were randomized into two groups according to the
temperature of the peritoneal perfusate: group NT
received normothermic (33.5°C) melphalan; group HT
received hyperthermic (42°C) melphalan. During the
course of intraperitoneal chemotherapy, peritoneal fluid
and blood were sampled at 5, 15, 30, 60 and 90 min. At
the end of procedure, the rats were killed and tissues
samples (heart, liver, ileum, jejunum, colon, omentum,
and abdominal wall) were collected. Concentrations of
melphalan were determined in peritoneal fluid, plasma,
and tissues by high-performance liquid chromatogra-
phy. Results: The area under the curve (AUC) of peri-
toneal fluid melphalan was significantly lower in the HT
group than in the NT group (P=0.001), whereas no
significant difference in plasma AUC was found. AUC
ratios (AUC peritoneal fluid/AUC plasma) were 12.1 for
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the NT group and 12.3 for the HT group. The mean time
to reach the plasma peak was shorter in the HT group
than in the NT group (P=0.004). The HT group
exhibited increased melphalan concentrations in all in-
traabdominal tissues. These differences were significant
for the ileum (P=0.03) and jejunum (P=0.04).
Conclusion: Hyperthermia affected the pharmacokinetics
of intraperitoneal melphalan by decreasing the AUC of
peritoneal fluid melphalan without increasing the
plasma AUC. It increased intraabdominal tissue
concentrations.

Keywords Hyperthermia - Melphalan - Intraperitoneal
chemotherapy - Pharmacokinetics

Introduction

Melphalan (L-phenylalanine mustard) is an effective and
well-known antineoplastic alkylating agent. It has been
used to treat cancer patients for over 50 years [22].
Intravenous administration of cytotoxic agents usually
does not penetrate into cancerous tissues at a high
enough concentration to eliminate such diseases effec-
tively. For gastrointestinal cancers that may disseminate
to peritoneal surfaces, the therapeutic index of melphalan
may be improved by changing the route of administration.
The major advantage of intraperitoneal chemotherapy is
associated with the high drug level that can be achieved at
the peritoneal surface with low systemic exposure. After
the surgical removal of a gastrointestinal cancer with
peritoneal carcinomatosis, melphalan may be able to
eliminate microscopic residual disease or small foci of
persistent cancer at the margins of resection.

Further benefits may be obtained by combining
regional hyperthermia with intraperitoneal melphalan.
Hyperthermia has been shown to increase the beneficial
effects of some anticancer agents, such as oxaliplatin,
mitomycin C or cisplatin, by augmenting cytotoxicity
and/or increasing the penetration of the drugs into tissue
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[1, 19, 20]. Melphalan has markedly increased pharma-
cological activity with heat, both in vitro and in vivo [17,
26, 27].

Clinically, melphalan remains the most effective
single drug used in heated limb perfusion to treat
intransit metastases from melanomas and advanced
primary or recurrent extremity soft tissue sarcomas [15,
16]. Phase I and phase II pharmacokinetic studies per-
formed by Howell et al. with intraperitoneal melphalan
have shown that it is tolerated up to a dose of 70 mg/m?
with no local toxicity [11]. The drug concentration in the
peritoneal cavity averaged 63-fold more than in the
plasma, with a peak of 93-fold [11]. No pharmacokinetic
studies of heated intraperitoneal melphalan exist. Gut-
man et al. have shown that intraperitoneal melphalan
alone or combined with tumor necrosis factor is an
effective treatment in mice after subcutaneous injection
of colon carcinoma cells [9].

With increasing clinical interest in intraperitoneal
hyperthermia, a better understanding of interactions
between heat and cancer chemotherapy agents is
required. Hyperthermia may cause changes in drug
degradation, redistribution of blood flow to various
intraabdominal organs, and alter drug metabolism.
Using a rodent model, this experimental study was
conducted to determine the effects of regional hyper-
thermia on the pharmacokinetics and tissue distribution
of intraperitoneal melphalan administered with and
without hyperthermia.

Materials and methods

Rats

Male Sprague Dawley rats (4 to 6 months old) weighing between
350 and 420 g were obtained from a single breeding colony (Harlan
Sprague Dawley, Indianapolis, Ind.). Animals were individually
housed and allowed free access to food and water.

Surgical procedure

All rats were anesthetized with an intraperitoneal injection of 0.5 to
0.7 ml/kg of a solution of 1.5 ml ketamine (100 mg/ml) with 1.5 ml
xylazine (20 mg/ml) and 0.5 ml acetylpromazine (10 mg/ml) and
underwent a standardized laparotomy. A multiperforated catheter
(silicone tubing, 3.2 mm ID, 6.4 mm OD; Fisher Scientific,
Norcross, Ga.) was placed in the pelvis through the abdominal
incision. The catheter was coated with gauze in a standardized
fashion to prevent occlusion by omentum or small bowel loops [12].
This catheter was used as an inflow drain and for peritoneal fluid
sampling. It was secured within the abdominal incision with a
running suture. Two additional multiperforated catheters were
placed in each subphrenic space. These were extended through
small incisions in the lateral walls of the abdomen and were secured
with purse-string sutures. The catheters in the subphrenic spaces
were used as outflow drains. The temperature was monitored by
three thermic probes connected to a thermometer (digital dual
channel thermometer; Fisher Scientific). One probe was placed in
the inflow tube (inflow temperature), one in the abdominal cavity
(intraperitoneal temperature), and one in the esophagus (body core
temperature). In all rats, a catheter (polyethylene tubing, 0.58 mm
ID, 0.965 mm OD; Becton Dickinson, Parsippany, N.J.) was
inserted into the left femoral vein for blood sampling.

Experimental design

Twenty rats were randomized into two groups according to the
intraperitoneal temperature. The normothermic (NT) group
received intraperitoneal chemotherapy with intraperitoneal tem-
peratures maintained between 32.5 and 34.5°C, and the hyper-
thermic (HT) group received intraperitoneal chemotherapy with
intraperitoneal temperatures maintained between 41.5 and 42.5°C.
The dose of melphalan was selected according to the clinical study
performed by Howell et al. [11]. Melphalan at a dose of 12 mg/kg
was diluted in 150 ml 0.9% NaCl solution immediately before
administration. A closed perfusion system adapted from the
description of Shiu and Fortner [24] was utilized. The perfusate was
heated in a tube coil in a thermostatically regulated water bath and
infused into the peritoneal cavity with a roller pump (Varistaltic
pump; Cutin Matheson Scientific, Kennesaw, Ga.) at a rate of
80 ml/min for 90 min. Rhythmic massage of the abdomen was used
to facilitate uniform heat distribution within the peritoneal cavity.
When the proper temperature for the experiment was reached
inside the peritoneal cavity, melphalan was added to the perfusate
in the reservoir. For each animal, 0.5 ml peritoneal fluid and 0.5 ml
blood were collected at 5, 15, 30, 60, and 90 min after the initiation
of chemotherapy. The venous catheter was flushed with 0.2 ml of
heparinized saline after each blood sampling. At the end of the
procedure the rats were killed and tissues samples were taken.

Tissue harvest

A standardized methodology for the harvest of organs was followed.
After harvest each tissue was touched to filter paper in order to
remove excess surface fluid. The heart was harvested as an intact
tissue and processed. Standardized portions of liver, stomach, colon,
jejunum, ileum, omentum and abdominal wall were harvested.

Sample preparation and analysis

Blood samples were centrifuged and the plasma separated from the
cells. Using a 15-ml polypropylene conical tube, a 300-pl sample of
plasma was treated with 6 ml acetonitrile and mixed thoroughly on
a vortex mixer. After centrifugation the acetonitrile extract was
transferred to another polypropylene tube and evaporated at
approximately 45°C under a gentle stream of nitrogen. The residue
was resuspended in 150 pl mobile phase and filtered for injection
into the HPLC system. Peritoneal fluid samples were diluted with
mobile phase as required and filtered through 0.45-um nylon
syringe filters for injection into the HPLC system. Tissue samples
(approximately 250 mg) were dried of surface moisture, accurately
weighed, and homogenized in 5 ml acetonitrile. The homogenate
was centrifuged and the acetonitrile extract was removed and
evaporated as with the plasma samples. The residue was dissolved
in 1 ml mobile phase and filtered for injection into the HPLC
system.

Analytic assay

The melphalan concentrations were determined by HPLC. The
instrument consisted of a Shimadzu LC7A equipped with an SPD-
6AV detector, along with a C-R6A Chromopac data processor.

Control of the effect of hyperthermia on melphalan concentrations

The effect of hyperthermia on melphalan concentrations and mel-
phalan hydrolysis over time was studied in the perfusate by using
the same closed perfusion system at the same flow rate but without
connection to the peritoneal cavity of a rat. Fluid samples were
collected at 5, 15, 30, 60, and 90 min after the instillation of
chemotherapy at 33.5°C and 42°C.



Statistical procedures

The area under the curve (AUC) of peritoneal fluid vs time, and
plasma vs time were obtained using Prism for Windows, version 4.0
(GraphPad Software, San Diego, Calif.). All pharmacokinetic data
and tissue concentrations were compared between the two groups
using the Wilcoxon Rank Test using a commercially available
program (Staview 4.5, Abacus, Berkeley, Calif.). For all statistical
procedures, P values <0.05 were taken as significant. A nonpara-
metric analysis was used because two groups with a low number of
repeated measures were used and because these measures had no
Gaussian distribution.

Results
Temperature measurements

The mean=+SD core temperatures over the 90-min
procedure were 33.6+1.1°C in group NT and
38.4+0.8°C in group HT. The mean intraperitoneal
temperature over the 90-min procedure was 33.5+1.0°C
in group NT and 42.2+0.5°C in group HT (Fig. 1).
Intraperitoneal temperatures were maintained at
+1.0°C of the selected treatment temperature and
temperature steady-state was achieved within the first
10 min of hyperthermic intraperitoneal infusion.

Effects of hyperthermia on intraperitoneal
melphalan pharmacokinetics

The peritoneal fluid and plasma pharmacokinetics of
melphalan are shown in Fig. 2. The mean peak perito-
neal fluids levels were 30.3 £ 1.6 pg/ml in group NT and
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Fig. 1 Core body and intraperitoneal temperatures of rats treated
with normothermic or hyperthermic intraperitoneal infusion of
melphalan. Data points represent the means+SD (bars) of ten
measurements
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31.4+1.5 pg/ml in group HT (Table 1). The mean peak
plasma levels were 2.43+0.4 pg/ml in group NT and
2.11£0.7 pg/ml in group HT. There was no significant
difference between the peak ratios of group NT and
group HT. In the plasma, the peaks were reached with a
mean time of 50+10.6 min in group NT and
36+7.7 min in HT group. The difference between these
two values was statistically significant (P=0.004).

The mean AUCs of melphalan in peritoneal fluid and
plasma, and the peritoneal fluid/plasma ratios are shown
in Table 1. The AUCs for peritoneal fluid melphalan
were 2076.6+£278.5 pg/ml/min in group NT and
1848.6 +327.2 ug/ml/min in group HT. The difference
between these two values was statistically significant
(P=0.001). The AUCs for plasma melphalan were
174.6 +33.1 pg/ml/min in group NT and
145.4£52.1 pg/ml/min in group HT. The mean AUC
ratios were 12.1+£1.9 in group NT and 12.3+£3.6 in
group HT. There were no significant differences in
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Fig. 2 Semilogarithmic plot of melphalan concentrations versus
time in peritoneal fluid and plasma of rats treated with normo-
thermic (NT) or hyperthermic (HT) intraperitoneal infusion of
melphalan. Data points represent the means+SD (bars) of ten
measurements

Table 1 Effects of
hyperthermia on melphalan

pharmacokinetics. Values are
means £ SD (P values <0.05
were considered significant)

Parameter Normothermia Hyperthermia P value
Peritoneal fluid peak (pg/ml) 30.3+1.6 314+1.5 0.131
Plasma peak (pg/ml) 243+04 2.11+0.7 0.265
Time of plasma peak (min) 50+10.6 36+£7.7 0.004
Peritoneal fluid/plasma peak ratio 12.8+24 16.3£5.1 0.08
Peritoneal fluid AUC (pg/ml/min) 2076.6+278.5 1848.6 +327.2 0.001
Plasma AUC (pg/ml/min) 174.6 +£33.1 145.4+52.1 0.16
Peritoneal fluid/plasma AUC ratio 12.1+1.9 12.3+3.6 0.9
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Fig. 3 Semilogarithmic plot of melphalan concentrations versus
time in the closed perfusion system at 33.5°C and 42°C without
connection to the peritoneal cavity. Data points represent the
means of two measurements
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Fig. 4 Melphalan concentrations in tissues after 90 min of normo-
thermic or hyperthermic intraperitoneal infusion

plasma AUC levels or in the AUC ratios between the
treatment groups.

Effects of hyperthermia on melphalan
concentrations in perfusate

The melphalan concentrations in perfusate over time
were lower at 42°C than at 33.5°C (Fig. 3). The differ-
ence showed a trend toward significance (P=0.052).
There was a 35% total loss of melphalan over 90 min at
33.3°C and a 55% loss at 42°C.

Effects of hyperthermia on melphalan
tissue concentrations

Melphalan concentrations in the different tissue samples
after 90 min of intraperitoneal chemotherapy are shown
in Fig. 4. For both groups, the highest melphalan
concentrations were found in omentum (8.3 £2.9 pug/ml
in the HT group and 6.4+2.8 ug/ml in the NT group).
Except for abdominal wall, rats of group HT exhibit

higher tissue concentrations of melphalan. These in-
creases in tissues concentration were significant for the
ileum (P=0.03) and jejunum (P =0.04).

Discussion

Intraperitoneal administration of anticancer drugs has
many pharmacokinetic advantages and gives high re-
sponse rates within the abdomen because the “peritoneal
plasma barrier” provides dose-intensive therapy. High
concentrations of anticancer drugs may be in direct
contact with tumor cells with reduced systemic concen-
trations and lower systemic toxicity [7]. Experimental
studies have demonstrated that regional cytotoxicity of
intraperitoneal chemotherapy may be improved by
delivery of the drug by hyperthermic perfusion [10, 14].
Intraperitoneal chemohyperthermia is now used in dif-
ferent clinical settings as an adjuvant and palliative
treatment of digestive and gynecological cancers [4, 6, §,
23, 25]. Although mitomycin C and cisplatin have been
the drugs most frequently tested in these clinical trials,
melphalan may be an attractive candidate for such an
approach, not only because of its known activity in
ovarian carcinoma, but also because of its markedly
increased pharmacological activity with heat [17, 26, 27].
Melphalan exerts its antineoplastic effect through the
formation of interstrand DNA crosslinks. It is thought
that the formation of these DNA crosslinks is facilitated
at elevated temperatures leading to enhanced cell kill
[26]. Clues to a potential clinical advantage of this che-
motherapy technique can be obtained from pharmaco-
kinetic investigations such as this study.

Dedrick et al. have shown that high molecular weight
drugs are retained for prolonged periods in the perito-
neal cavity after peritoneal administration [3]. With a
molecular weight of 305.20, melphalan is considered to
be of moderate molecular weight as compared to other
chemotherapy agents used with peritoneal instillation
such as taxanes. Other causes of the marked difference
between high peritoneal concentrations and low plasma
levels maintained over 90 min in both normothermic
and hyperthermic experimental animals may exist. The
high hydrophilicity of melphalan may contribute. Also,
the presystemic metabolism may lower plasma concen-
trations as degradation occurs in the interstitial tissues.
The AUC ratio for melphalan demonstrates excellent
regional exposure of the drug and a potential for a
favorable antitumor effect on minute peritoneal surface
or resection site tumor deposits. The relatively large
molecular weight of melphalan and its hydrophilic
properties may be the mechanism by which the drug is
retained in the peritoneal cavity after intraperitoneal
administration.

The same rodent model has been used to study the
effect of heat on pharmacokinetics of intraperitoneal
oxaliplatin and doxorubicin [13, 20]. These studies have
shown that hyperthermia ranging between 42 and 43°C
does not affect significantly the pharmacokinetics of



these intraperitoneal drugs. The present study suggests
that hyperthermia at the same level changed significantly
the pharmacokinetics of intraperitoneal melphalan.
Hyperthermia significantly decreased peritoneal AUC of
intraperitoneal melphalan and significantly shortened
the time to reach plasma peaks but did not affect the
AUC ratio or mean peak levels in plasma which were
approximately at the same levels with and without heat.
This may be explained by the enhanced hydrolysis of
drug with hyperthermia, already reported in experi-
mental and clinical studies using heated melphalan in
isolated limb perfusion for the treatment of malignant
melanoma [18, 21]. The hydrolysis which occurred at
42°C as compared with 37°C was increased 1.5-fold in
canine plasma and 1.9-fold in porcine plasma [21]. In the
present study, the control experiment using the same
closed perfusion system without connection to the
peritoneal cavity of rats showed decreased concentra-
tions of melphalan over time when hyperthermia at 42°C
was utilized. This may be explained by the increased
hydrolysis induced by heat.

A second factor may have contributed to the signifi-
cantly lower peritoneal AUC of heated intraperitoneal
melphalan. Rats treated with hyperthermia exhibited
increased concentrations of melphalan in all intraperi-
toneal tissues. Noting that melphalan measurements
were performed on dried tissues, these results suggest
that the increment in tissue concentrations was a result
of a direct increase in drug uptake by tissues rather than
a simple edema. This increased uptake of melphalan was
statistically significant only for ileum and jejunum.
Dewhirst et al. have demonstrated that normal tissues
consistently respond to hyperthermia with a marked
increase in blood flow as long as tissue temperature
levels do not exceed 45°C [5]. The physiological stress
induced by high levels of hyperthermia may cause
redistribution of blood flow to various intraabdominal
organs. With moderate hyperthermia, because of its
relatively high vascularization, small bowel may have
been exposed to more melphalan delivered via both
direct diffusion and the systemic circulation. This
phenomenon of increased drug delivery to the gastro-
intestinal tract is supported by a report of bloody diar-
rhea in dogs treated by hyperthermic Adriamycin [2],
and was previously observed with hyperthermic doxo-
rubicin in the same experimental model [13].

In conclusion, this study demonstrated that abdom-
inal hyperthermia affected the pharmacokinetics of
intraperitoneal melphalan. Despite a significant decrease
of peritoneal AUC with an increased hydrolysis of drug,
hyperthermia increased melphalan concentrations in
intraperitoneal tissues and especially in small bowel.
These findings support the use of moderate hyperther-
mia with intraperitoneal melphalan in clinical studies. A
phase I-II study of intraperitoneal heated melphalan is
currently underway in patients with recurrent carcino-
matosis or peritoneal carcinomatosis with poor prog-
nostic factors.
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