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Abstract The pharmacokinetics of melphalan was
studied by sampling of tissue and plasma in 72 rats
that underwent isolated hyperthermic limb perfusion
under different conditions. A miniaturized extracorpo-
real circulation system for small animals was used
for perfusion of the rat hindlimb. Melphalan levels
(L-phenylalanine mustard, L-PAM) were determined by
high-performance liquid chromatography (HPLC). The
temperature of the perfusate plasma and tissue, pH,
administration method, and flow rate were modified
and compared with regard to their influence on phar-
macokinetic parameters. The highest tissue penetration
of melphalan was observed under the following con-
ditions: (a) pH range of the perfusate plasma between
7.3 and 7.7 (physiological environment), (b) tempera-
ture range of the perfusate from 40° to 41.5°C
(destruction of cellular carrier systems at higher tem-
peratures and increased inactivation by hydrolysis of
melphalan above 41.5 °C), (c¢) application of melphalan
as a single dose into the reservoir of the extracorporeal
circuit (optimal tissue penetration), and (d) reduced
perfusate flow (prolonged contact time between perfu-
sate and tissue).
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Introduction

Before isolated perfusion chemotherapy was first de-
scribed in 1957 [10] and became an established ther-
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apeutic approach in subsequent years the only
therapy for malignant melanoma of the limbs was
wide excision of the tumor [21]. Mutilating surgical
techniques involving amputation of the limb or
compartment resection were often necessary to reduce
the frequency of locoregional metastases. Melanoma
tends to recur locally because of the microscopic in-
volvement of local tissues, of regional lymphatics, and
of in-transit metastases [25, 42]. Regionally recurrent
disease significantly reduces the 5-year survival rate
[23].

Isolation perfusion techniques combined with the
additive cytotoxic effect of hyperthermia [6, 7] permitted
the application of increased doses of melphalan to the
limb, resulting in high local concentrations and at the
same time avoiding systemic toxic effects such as sup-
pression of hematopoiesis. Disadvantages of this meth-
od are the limited perfusion time, difficulties with
increasing numbers of courses, and the amount of op-
erative equipment involved [11, 22, 46]. The method is
preferably used in the treatment of sarcoma and other
primary tumors, of locoregional recurrences, and of in-
transit metastases of malignant melanoma of the ex-
tremities. Prospective randomized and retrospective
studies have demonstrated the advantages of isolation
perfusion with regard to survival and disease-free rates
[18, 24, 31, 39, 42].

Although this treatment has been established in
cancer chemotherapy for several years [14, 28], studies
on the pharmacokinetics of melphalan in isolation per-
fusion are rare [3-5, 30, 36]. The present study demon-
strates the relationship between the pharmacokinetics of
melphalan (L-PAM) and modified perfusion techniques
for the evaluation of perfusion conditions that are op-
timal for the uptake of L-PAM into tissue. An impor-
tant pharmacokinetic parameter for the cytostatic
availability of melphalan is the AUC (area under the
curve, integral of the concentration-time curve over
time), which should be high in tumor tissue and low in
the systemic circulation.
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Materials and methods

Melphalan

L-Phenylalanine mustard (L-PAM) was donated by Wellcome
(Burgwedel, Germany). The hydrolysis products monohydroxy-
and dihydroxymelphalan were not analyzed. The internal standard
solution (IS) was N-acetylprocainamide, which was supplied by
Aldrich Chemicals (Milwaukee, USA). All substances were iden-
tified by mass spectrometry.

Workup

Blood and tissue specimens were stored at —80 °C until analysis.
For determination the samples were melted and centrifuged. The
samples were homogenized with a vortex-type mixer and sucked
through a Sep-Pak-C18 cartridge (activated with 1 ml methanol)
with a vacuum aspirator. The cartridges were washed with 5 ml
deionized water and sucked dry, then the samples were eluated with
1.5 ml methanol into tubes. The elution fluid was evaporated and
the samples were stored at —20 °C. For analysis the samples were
dissolved in ice-cold mobile phase, homogenized for 30 s with a
vortex, and centrifuged. Aliquots of 50 pl were injected into the
high-performance liquid chromatography (HPLC) system [35].

HPLC system

Melphalan was assayed by HPLC. The system consisted of a
reversed-phase Cg column (250 x 4.6 mm, Spherisorb S 5 ODS 1)
and a precolumn (25 x 4.6 mm, Spherisorb S 10 P). Furthermore,
an HPLC pump (Varian Liquid Chromatograph, Model 5000), a
fluorescence detector (Shimadzu RF-530), and an integrator
(Shimadzu C-R3A) belonged to the system. At an initial pressure of
180 bar the mobile phase (acetonitrile: phosphate buffer = 35:65,
vol/vol) was eluated at 1.5 ml/min. The analysis time was about
8 min. The compounds were measured with the fluorescence de-
tector at an excitation wavelength of 270 nm and an emisson
wavelength of 350 nm. The phosphate buffer was made from 1.38 g
NaH,PO, (10 mM), 2.02 g sodium heptane sulfate (10 mM), and
deionized water to 1000 ml. The buffer was titrated with 40%
phosphate acid at a pH of 3.00 [35].

Calibration

The concentration of L-PAM was determined by the peaks of
calibration curves, which were prepared before every test series.
The calibration points were derived using a stock solution of

Table 1 Experimental planning and groups according to the modified perfusion method (n =

L-PAM consisting of 1.5 or 10 pg melphalan dissolved in 1.5 ml
plasma. The equation for the calibration curve was:

area IS x amount L-PAM (1.5 or 10 ug)
area L-PAM x amount IS (tissue 2 pg, perfusate 5Spg)

Calibration factor =

The concentration of the sample was calculated by:
area L-PAM

Concentration = calibration factor x
area IS

Perfusion technique and experimental planning

About 100 rats underwent isolated hindlimb perfusion via a min-
iaturized extracorporeal circulation system for use in small animals.
The system consists of a bubble oxygenator and heat exchanger
and of commercially available roller pumps, polyethylene cannulas,
and silicone tubes [34]. A total of 72 plasma and tissue samples of
melphalan were selected for analysis with the HPLC system. The
other 28 rats did not enter the evaluation because of technical
problems encountered during the first perfusions and insufficient
experimental data. The whole perfusion time was about 90 min.
The temperature of the perfusate plasma and tissue, pH, flow rate,
and administration method were modified depending on the spe-
cific test group of rats as demonstrated in Table 1. The assignment
of the perfusion series to the different methods was performed by
randomization. Blood samples of the circuit were taken from the
venous system at 5, 15, 30, 45, 60, 75, and 90 min after the start of
perfusion. Tissue specimens of constant weight (1.5 g) were taken
at 5, 30, 45, 60, and 90 min respectively, from an identical site on
the limb.

Melphalan was dosed per milliliter of perfused tissue volume.
The priming volume of the system was 25 ml at every perfusion.
The volume of the rat hindlimb was measured by water replace-
ment [47]. Due to variation in extremity volumes the measured
concentrations of L-PAM in blood and tissue of the perfusion
circuit were standardized with a correctional factor for every per-
fused rat. The arithmetic mean value recorded for melphalan per
milliliter of extremity volume was 363.7 pug/ml.

363.7 pg/ml x volume of extremity (ml)

Correctional factor =
dose (ug)

Calculations
The pharmacological model for the calculations involved the iso-

lated mathematical analysis of the distribution and eliminaton of
L-PAM in the perfused tissue or in the blood of the perfusion

Numbers of rats and perfusions)

Temperature of blood Perfusion flow pH Application
and tissue samples method
37-38.5 °C 0.4 ml/min n=29 pH 6.0<7.0 n=>35 Single bolus n==o
n=17 0.5 ml/min n =28 pH7.0<73 n=23 Continuous n==0
pH 7.3<7.7 n=4 Reservoir n=>35
38.5-40 °C 0.4 ml/min n =28 pH 6.0<7.0 n==o6 Single bolus n==o
n =17 0.5 ml/min n=9 pH7.0<73 n=>:5 Continuous n==06
pH 7.3 <77 n==6 Reservoir n=>3
40-41.5 °C 0.4 ml/min n=79 pH 6.0 <7.0 n=23 Single bolus n==6
n =18 0.5 ml/min n=9 pH7.0<73 n =3 Continuous n==06
pH 7.3 7.7 n=717 Reservoir n==6
41.5-42.5 °C 0.4 ml/min n =10 pH 6.0<7.0 n=> Single bolus n=7
n =20 0.5 ml/min n =10 pH7.0<73 n =3 Continuous n=717
pH 7.3<7.7 n=717 Reservoir n==06




circuit (one-compartment model). The AUC value for melphalan in
perfusate and in tissue was determined by the trapezoidal method,
including extrapolation to infinity [12]. The half-life (,,) and the
elimination rate constant (K.) were determined by least-squares
regression. Calculation was performed by:

2 0.693
K. Ko

The zero concentration of melphalan [C(O)] was calculated by
extrapolation of the arithmetic means of the concentration-time
curve. The average maximal concentration (Cp,y) and fy., of L-
PAM were determined by comparison of the arithmetic means of
the concentration-time curve of the test groups. Clearance values
(CL) were derived by dose/AUC. The volume of distribution (V,) of
melphalan in the perfusate was calculated by clearance (CL)/
elimination rate constant (K.):

typ =

_ dose _CL
Ke X AUCS min —oo Ke .

The validity of the data was proved with Wilcoxon, Mann, and
Whitney’s test for randomized samplings [38].

Vz

Results

Figure 1 shows the arithmetic mean values recorded for
the concentration-time curves of all perfusions without
regard to test arrangements into different groups. The
mean dose of melphalan per milliliter of extremity vol-
ume at a perfusion time of 90 min was 365 pg.

Table 2 demonstrates how varied perfusion condi-
tions changed the pharmacological characteristics
AUC5 90 min, C(O), and C,,,, of the tissue during the
perfusion time of 90 min. The alkalization of the per-
fusate to a pH range between 7.3 and 7.7 increased the
uptake of melphalan into the bulk of the tissues. The
extrapolated zero concentration C(O) of melphalan was
significantly different in comparision with that recorded
for groups with a lower pH range. In the perfusate, more
pharmacokinetic parameters were analyzed (Tables 3,
4). In contrast to the increased tissue affinity of melph-
alan at pH ranges above 7.3, there was no statistically
significant (P < 0.05) difference in the perfusate phar-
macokinetics of the three pH ranges.
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Fig. 1 Concentration-time curve generated for 72 perfusions.
Presented is the concentration course of melphalan in the blood
of the perfusion circuit (¢, pg/ml) and in the tissue (-, pg/g). Data
represent mean values = SEM

With a mean integrated area of 1832.0 pg min g~
L-PAM under the concentration-time curve in the series
with a tissue and perfusate temperature of 40—41.5 °C,
the uptake of melphalan in the treated tissue was more
than 60% higher than in the samples with perfusion
temperatures above 41.5 °C. The extrapolated zero
concentration C(O) was significantly different as com-
pared with that recorded for the other groups (Table 2).

The disappearance of melphalan in the perfusate,
mainly involving L-PAM’s hydrolysis to monohydroxy-
and dihydroxymelphalan at elevated temperatures [15,
30], is characterized by its half-life (#,,) and distribution
volume (V,) as demonstrated in Tables 3 and 4. Within
the temperature range of 41.5-42.5 °C the half-life of L-
PAM (t,» = 36.3 min) was significantly shortened
during a perfusion time of 90 min. In comparison, #;,, in
the group with moderate hyperthermia (40-41.5 °C) was
about 51.5 min. The distribution volume (V,) of me-
Iphalan in this test series was about 48.8 ml. The highest
Cmax In the tissue was found within the temperature
range of 40-41.5 °C after 67.5 min (Table 2). All these
parameters demonstrate that appreciable drug uptake in

Table 2 Pharmacokinetic

arameters of melphalan in Modified perfusion AUCs90 min C(o) Cornax Imax

gssue. Data represlz:nt mean conditions (hg min g1) (he/e) (ng/g) (min)

values + SEM pH 6.0 < 7.0 1310.4 + 177.2 3.8 £ 1.1 30.5 + 4.6 70.6 + 4.7
pH7.0<73 1353.3 £ 195.8 5.8 £ 1.8 27.1 £ 34 67.5 £ 44
pH 7.3 7.7 1716.5 + 187.5 *6.2 + 1.2 349 + 3.6 67.5 + 3.5
37-38.5 °C 1364.5 £ 202.5 49 + 1.8 27.0 £ 3.5 67.0 £ 4.8
38.5-40 °C 1659.9 + 222.7 6.0 £ 1.9 34.6 + 4.5 *60.8 £ 5.2
40-41.5 °C *1832.0 £ 269.9 *6.3 + 1.6 38.5 +£ 6.0 67.5 £ 4.0
41.542.5 °C 1093.4 + 136.2 42 + 1.2 238 + 3.1 772 + 4.7
Single bolus 1376.4 £+ 226.1 8.0 £ 1.9 246 £ 3.6 654 + 4.8
Continuous 1439.5 £ 177.3 53 +£ 09 28.5 £ 3.6 66.0 + 4.0
Reservoir 1630.0 + 144.5 *2.1 £ 0.3 *404 + 3.9 75.0 £ 3.2
Flow = 0.4 ml/min **1778.8 £ 167.8 ***84 + 14 *355 £ 29 66.2 £ 3.9
Flow = 0.5 ml/min 1172.8 £ 119.2 23 4+ 0.2 26.1 £ 3.3 70.8 + 2.8

*P < 0.05; **P < 0.005; ***P < 0.001
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Table 3 Pharmacokinetic

parameters of melphalan in the Modified perfusion AUCs o0 min, AUCs min =1 b

perfusate plasma. Data re- conditions (ng min ml™) (ug min ml™) (min)

present mean values £ SEM 1160 < 70 3650.2 + 289.4 4966.5 + 438.6 428 + 324
pH70<73 4593.7 + 397.5 6726.7 £ 661.9 45.1 + 3.63
pH 7.3<7.7 3779.9 + 285.2 5760.2 + 466.4 50.1 £ 5.21
37-38.5 °C 3951.9 + 394.7 6328.1 £ 736.5 56.2 + 5.4
38.5-40 °C 3814.0 £ 369.2 5216.1 £ 556.1 41.6 = 2.8
40-41.5 °C 3912.1 + 341.5 5986.3 + 534.9 51.5 £ 5.6
41.5-42.5°C 4306.8 + 438.8 5744.1 £ 678.7 **36.3 £ 3.3
Single bolus 3779.9 + 380.1 5094.6 + 583.8 39.2 + 2.8
Continuous 3543.8 + 247.2 4920.6 + 366.5 41.8 £ 4.3
Reservoir *4794.6 + 320.1 **%7659.3 £ 493.7 **58.7 + 4.1
Flow = 0.4 ml/min 4350.3 + 283.6 *6506.8 + 456.0 493 + 3.6
Flow = 0.5 ml/min 3665.6 £ 253.8 5129.9 + 407.6 428 £ 29
*P < 0.05; **P < 0.01; ***P < 0.001

Table 4 Pharmacokinetic . .

parameters of melphalan in the Mog}?ed perfusion Vzl CLI . max | Tinax

perfusate plasma. Data re- conditions (ml) (ml/min) (ng/ml) (min)

present mean values + SEM - b1y 60 <70 70.3 + 8.6 12+ 0.1 84.0 + 6.8 18.5 + 3.4
pH7.0<73 577 £ 5.6 0.9 + 0.1 100.5 = 11.9 258 + 4.3
pH 7.3<7.7 69.2 £ 7.2 1.0 £ 0.1 79.2 £ 8.5 30.0 £ 4.1
37-38.5 °C 75.1 £ 6.5 1.09 £ 0.2 774 £ 7.5 235 + 3.6
38.5-40 °C 70.5 £ 10.3 1.17 £ 0.1 86.4 £ 10.5 30.0 = 5.9
40-41.5 °C 71.3 £ 9.8 1.02 £ 0.1 89.1 £ 14.2 23.0 +£ 3.8
41.5-42.5 °C *48.8 £ 5.6 1.02 £ 0.1 96.6 + 10.2 23.0 + 4.8
Single bolus 70.5 £ 9.3 1.28 + 0.1 *107.2 £ 12.5 *14.4 £ 3.7
Continuous 624 £ 64 1.11 £ 0.1 72.1 £ 5.8 32.1 £ 2.5
Reservoir 64.2 £ 5.1 *0.79 £ 0.1 839 £ 6.6 27.1 + 4.8
Flow = 0.4 ml/min 60.1 + 4.3 0.93 + 0.1 923 + 8.6 27.5 £ 3.3
Flow = 0.5 ml/min 71.4 £ 7.1 1.21 £ 0.1 83.5 + 6.6 22.1 + 3.1

*P < 0.05; **P < 0.005; ***P < 0.001

the treated tissue was found at a perfusion temperature
of 40—41.5 °C and a perfusion time of more than 60 min.

In the next test series we compared the pharmacoki-
netic characteristics of L-PAM using different adminis-
tration modes in the perfusate plasma (Tables 3, 4). In
25 perfusions the whole melphalan dose was given as a
single bolus directly into the arterial line at the start of
perfusion. In 25 cases, L-PAM was dosed as separate
aliquots during the first 20 min of perfusion (continuous
mode). In the last 22 samples the total melphalan dose
was given as a bolus into the pump oxygenator reservoir
of the extracorporeal circuit.

The mean maximal concentration (C,x = 107.2 ug/
ml) in the perfusate was reached at approximately
14.4 min by administration of the whole melphalan dose
as a single bolus into the perfusion circuit (Table 4).
Despite this, the highest Cp.x of L-PAM in tissue was
found at 75 min perfusion time with a significant
reduction in the clearance (CL = 0.79 ml/min) of the
perfusate after drug administration into the oxygenator
reservoir. The mean maximal concentration in tissue was
significantly reduced after bolus injection of melphalan
at approximately 65 min of isolated perfusion as com-
pared with the application of L-PAM into the reservoir

(Table 2). Although we found significantly elevated
AUC5 99 min and AUCs i« values for L-PAM in the
perfusate plasma with a prolonged half-life (#,,) of
58.7 min in this group, there was no correspondingly
high tissue level (Table 3, Fig. 2).

Due to the slow distribution and uptake of melphalan
into the bulk tissues resulting from application of the
drug via the reservoir, the mean extrapolated zero con-
centration [C(O) = 2.1 pg/g] was about 4 times lower
than that obtained in the test series with bolus injection
as shown in Table 2. Continuous injection of melphalan
did not have any pharmacokinetic advantage in com-
parison with the other two methods (Fig. 2). These data
show that there is no linear correlation between plasma
and tissue levels of melphalan during isolated perfusion.
The integrated areas under the tissue-concentration-time
curve of melphalan show only slight differences for all
application methods despite the significantly different
AUC paMm obtained in the perfusates as demonstrated
in Fig. 2. An appreciable uptake of melphalan after
60 min was achieved by administration of L-PAM via
the oxygenator reservoir as shown by the corresponding
Cmax values, the extrapolated zero concentration of
melphalan C(O), and the prolonged half-life (¢,/5).
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Fig. 2 AUC pam determined in perfusate and tissue for the
perfusion time of 90 min according to modified administration
methods. Data represent arithmetic mean values (see Tables 2, 3)

The last series examined melphalan uptake with re-
spect to different perfusion flow rates. In the first group,
36 animals underwent perfusion at a flow rate of 0.4 ml/
min per 100 g weight. The other 36 perfusions were
performed at a roller-pump flow rate of 0.5 ml/min per
100 g weight. The AUCs_gg min-extrapolated zero con-
centration C(O) and mean maximal concentration
(Cmax) of L-PAM in the tissue were significantly higher
as compared with the data obtained with a flow rate of
0.5 ml/min as shown in Table 2. The AUCs iy Te-
corded for the perfusate in the lower-perfusion-flow
group was about 1.3-fold higher than that obtained in
the group with the higher flow rate (Table 3). Pharma-
cokinetic data noted for the perfusate, such as the dis-
tribution volume, clearance, C,.x, and fn.x Of
melphalan as presented in Table 4, were not significantly
different. The results show that a lower perfusion flow
rate increased the uptake of melphalan into the tissue at
a perfusion time of 90 min.

Discussion

Hyperthermic isolation perfusion is an established
treatment in adjuvant therapy of high-risk malignant
melanomas of the upper and lower extremities after
excision of the tumor or as the primary treatment of
locoregional recurrent disease [7, 24, 27, 33]. The aim of
locoregional therapy is to achieve a high drug concen-
tration in the treated compartment and, simultaneously,
to minimize systemic side effects such as bone marrow
depression, hemolytic anemia, and gastrointestinal dis-
turbances.
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The present study evaluated the relationship between
pharmacokinetic parameters of melphalan and modified
experimental conditions during isolated perfusion in rats
using a miniaturized extracorporeal circuit [34]. Melph-
alan concentrations were assayed using HPLC [35].
Pharmacokinetic data recorded for L-PAM in bulk tis-
sues, such as the AUCs_99 min, C(O), Cihax, and f,a5, and
in perfusate samples, such as the AUCs 99 min,
AUCs min—co» t12, V2, CL, Ciax, and fiax, were analyzed
to find out whether modification of application methods
(varied pH ranges, temperature changes in perfusate/
tissue, or different perfusion flows rates) might result in
pharmacokinetic advantages.

The highest melphalan tissue penetration was found
within the pH range of 7.3 < 7.7, as the extrapolated
zero concentration C(O) and AUC5 g i, of the tissue
indicated. At lower pH values the perfusion flow is
disturbed by an increased rigidity of blood cells such as
erythrocytes. As a result, drug uptake is decreased by
occlusion of tissue capillaries [44]. Other authors have
suggested that the blood flow at low pH ranges is in-
hibited by activation of clotting factors such as fibrino-
gen. Heparin could not fully antagonize this
phenomenon [8, 9].

During chemotherapy the heat sensitivity of cancer
cells is increased by reduced pH values in the tumor
tissue [16, 32]. Elevated levels of lactic acid in a large
tumor as a result of tissue hypoxia or nutritional de-
privation, leading to severe tissue acidosis, enhances
tumor regression [43]. Another study that analyzed the
influence of pH by isolated normothermic limb perfu-
sion of L-PAM with incubated human melanoma
spheroids showed that higher pH values diminished the
cytotoxic effect of melpahalan. A pH range of 7-8 did
not have an influence on the regrowth delay of the
melanoma spheroids and did not affect the hydrolysis of
L-PAM [40]. In accordance, our study shows that at the
initial phase of isolated perfusion, melphalan has an
enhanced tissue affinity and sufficient cytotoxic effects at
pH values ranging between 7.3 and 7.7.

The hightest drug uptake into the tissue, especially at
the initial phase of isolated perfusion, was observed in
our series with hyperthermia of 40-41.5 °C. This is
shown by the area under the concentration-time curve
(AUC5.99 min = 1832.0 pg min gfl and the extrapolat-
ed zero concentration [C(O) = 6.3 ng/g].

The significantly reduced distribution volume (V,)
and the short half-life (¢,5) of melphalan above tem-
peratures of 41.5 °C demonstrate the diminished tissue
affinity and the enhanced hydrolysis of L-PAM at higher
temperatures. Other studies showed that the rate of
hydrolysis of L-PAM at 42 °C as compared with 37 °C
was increased 1.5-fold in canine plasma and 1.9-fold in
porcine plasma [37]. During isolation hyperthermic
perfusion within the temperature range of 40-41 °C,
hydrolysis of L-PAM yields 18.6%  mono-
hydroxymelphalan and only 1.9% dihydroxymelphalan
[29, 30]. The therapeutic effect of the alkylating agent
was not diminished, as only a small quantity of inactive
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dihydroxymelphalan was found at this perfusion tem-
perature. Other studies have shown that at a tempera-
ture of 42 °C the alkylating reaction of melphalan is
enhanced by the formation of DNA interstrand cross-
links in human malignant melanoma cells [48].

Melphalan, a derivative of the neutral amino acid
L-phenylalanine, has been reported to be transported
by active transport into tumor cells via two amino-acid
carrier systems [2, 19, 45]. Other authors have dem-
onstrated the facilitated transport of L-PAM by the
above-mentioned carrier system through the blood-
brain barrier [20]. To explain our findings, we conclude
that at higher lethal temperatures above 42 °C this
transmembranous amino-acid carrier system could be
destroyed during hyperthermic perfusion, with no fur-
ther melphalan being taken up into the treated tissues.
In agreement with these reports and our findings, we
conclude that the uptake and cytotoxity of melphalan
is most efficient at a perfusion temperature of
40-41.5 °C.

In our study, melphalan was applied by three differ-
ent modes. The highest tissue uptake was found when
L-PAM was injected into the reservoir of the perfusion
circuit, as the AUCs5_gg min and the mean maximal con-
centration (C,,,) indicated. Via use of the reservoir, the
whole dose of melphalan was given during the perfusion
time of 90 min and the C,,x could be detected after
75 min. Initially high concentrations in the treated ex-
tremity were obtained by direct application of L-PAM
as a single bolus at the start of perfusion. Although we
found high AUCs_99 min and AUC5s ;.. values in the
perfusate, there was no correspondingly high value in
the tissue samples. Continuous administration of
L-PAM in the first 20 min of the perfusion did not have
any pharmacokinetic advantage.

No pharmacokinetic difference could be found in a
study that analyzed the AUC;5 ¢y min of melphalan in
the plasma of 15 patients treated with hyperthermic
perfusion [41]. The total dose of L-PAM was given in
several aliquots during the first 15 min of perfusion or
as a single bolus into the arterial line at the beginning of
the treatment. Our findings agree with these; although
the highest mean maximal concentration (C,,,.y) in the
series using bolus injection of melphalan appeared after
only approximately 14 min of perfusion time (#.x), the
areas under the concentration-time curve (AUCs_9g min
and AUC5 in_..) of the perfusate did not differ signifi-
cantly.

There is some controversy regarding the optimal
administration method. Some authors prefer continuous
application of melphalan in several aliquots during hy-
perthermic perfusion of 60 min to reduce severe intra-
and postoperative complications such as limb edema,
irreversible nerve damage, and venous thrombosis with
amputation [26, 47]. A pharmacokinetic disadvantage
for single bolus injection has been reported as a result of
enhanced hydrolysis of L-PAM at the initial phase of
perfusion and of diminished drug uptake during a total
perfusion time of 60 min [27]. In our series we did not

find differences in the distribution volume or elimination
half-life of melphalan between bolus application and
continuous injection into the perfusion circuit during a
treatment period of 90 min.

Other authors have reported significantly reduced
postoperative complications such as nerve lesions fol-
lowing the application of cytostatics as a single dose into
the pump reservoir [1]. In agreement with these clinical
findings and our pharmacokinetic data, application of
L-PAM during isolated perfusion of 90 min should
preferably be carried out as a single dose into the res-
ervoir of the extracorporeal circuit.

In the last series we analyzed whether there would be
a pharmacokinetic advantage with regard to different
roller-pump-controlled perfusion flows in the extracor-
poreal circuit. At a reduced flow rate of 0.4 ml/min we
found a sufficient uptake of melphalan into the limb
tissues, as the AUCs5 9o min, mean maximal concentra-
tion (Cphayx), and extrapolated zero concentration C(O)
indicate. By reduction of the blood flow in the perfusion
circuit, the contact time of the cytostatic agent with the
tumor was prolonged, which increased the intracellular
drug uptake [46]. Other authors reported that if the re-
gionally treated organ had a high extraction rate of the
cytostatic drug the regional pharmacokinetic advantage
of treatment was enhanced by increased tumor regres-
sion [13].

In recent studies the blood flow in isolated perfusion
therapy was not standardized. Values for perfusate flow
varied from 80 to 300 ml/min for the upper extremity
and from 120 to 600 ml/min for the lower extremity
[11]. High perfusion flow rates increased limb edema or
melphalan leakage during perfusion therapy [10, 11].
Some authors mentioned irreversible postoperative
complications such as wound dehiscence and arterial
necrosis resulting from low perfusion flow rates [6] and
recommended a flow rate of 10 ml/min per 100 g of
treated tissue [17]. Studies on pharmacokinetic aspects
and improvement of drug extraction are rare. Consid-
ering our results, it would be advisable to use perfusate
flow rates slightly lower than the physiological blood
flow during isolated perfusion, controlled by the roller
pump of the extracorporeal circuit. Further clinical
studies are required to evaluate the pharmacokinetics
of melphalan in melanoma cells as a result of modified
perfusion methods or in combination with new
chemotherapeutic agents to optimize the treatment
method.

References

1. Aigner K, Jungbluth A. Link KH, Walther H. Miiller H,
Schwemmle K (1984) Die isolierte hypertherme Extremitéiten-
perfusion mit Vindesin, Darcarbazin und Cisplatin bei der
Behandlung maligner Melanome. Onkologie 7: 348-353

2. Begleiter A, Lam HYP, Grover J, Froese EK, Goldenberg GJ
(1979) Evidence for active transport of melphalan by tow
amino acid carriers in L5178Y lymphoblasts in vitro. Cancer
Res 39: 353-359



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Benckhuijsen C, Varossieau FJ, Hart AA, Wieberdink J,

Noordhoek J (1986) Pharmacokinetics of melphalan in iso-
lated perfusion of the limbs. J Pharmacol Exp Ther 237: 583—
588

. Benckhuijsen C, Kroon BB, Geel AN van, Wieberdink J (1988)

Regional perfusion treatment with melphalan for melanoma in
a limb: an evaluation of drug kinetics. Eur J Surg Oncol 14:
157-163

. Briele HA, Djuric M, Jung DT, Mortell T, Patel MK, Gupta

TK (1985) Pharmakokinetics of melphalan in clinical islolation
perfusion of the extremities. Cancer Res 45: 1885-1889

. Cavaliere R, Ciocatto EC, Giovanella BC, Heidelberger C,

Johnson RO, Margottini M, Mondovi B, Morrica G, Rossi-
Fanelli A (1967) Selective heat sensitivity of cancer cells. Bio-
chemical and clinical studies. Cancer 20: 1351-1381

. Cavaliere R, di-Filippo F, Giannarelli D, Carlini S, Anza M,

Cavaliere F, Graziano F, Perri P (1992) Hyperthermic anti-
blastic perfusion in the treatment of local recurrence of
“in-transit” metastases of limb melanoma. Semin Surg Oncol 8:
374-380

. Copley AL (1980) Fibrinogen gel clotting, pH and cancer

therapy. Thromb Res 18: 1-6

. Copley AL, King RG (1984) A survey of surface hemorheo-

logical experiments on the inhibition of fibrinogenin formation
employing surface layers of fibrinogen systems with heparins
and other substances. A contribution on antithrombogenic
action. Thromb Res 35: 237-256

Creech O, Krementz ET, Ryan RF, Winblad JN (1958) Che-
motherapy for cancer: regional perfusion utilizing an extra-
corporal circuit. Ann Surg 148: 616632

Cumberlin R, Moss E de, Lassus M, Friedman M (1985) Iso-
lation perfusion for malignant melanoma of the extremity: a
review. J Clin Oncol 3: 1022-1031

Derendorf H, Garrett ER (1987) Pharmakokinetik Wissen-
schafts-Verlag-Gesellschaft, Stuttgart

Ensminger WD, Gyves JW (1983) Clinical pharmacology of
hepatic arterial chemotherapy. Semin Oncol 10: 176-182
Frankilin H, Koops HS, Oldhoff J (1988) To perfuse or not to
perfuse? A retrospective comparative study to evaluate the ef-
fect of adjuvant isolated regional perfusion in patients with
stage I extremity melanoma with a thickness of 1.5 mm or
greater. J Clin Oncol 6: 701-708

Furner RL, Brown RK (1980) L-Phenylalanine mustard
(L-PAM): the first 25 years. Cancer Treat Rep 64: 559-574
Gerweck LE, Richards B (1981) Influence of pH on the thermal
sensitivity of cultured human glioblastoma cells. Cancer Res
41: 845-849

Ghussen F, Nagel K (1984) Die regionale hypertherme Cyto-
staticaperfusion als Alternative bei der Behandlung von ma-
lignen Weichgewebstumoren der Extremititen. Chirurg 55:
505-507

Gohl J, Meyer T, Hohenberger W (1996) Die hypertherme
Zytostatika-Perfusion beim metastasierenden malignen Me-
lanom. Aktual Chir 31: 298-305

Goldenberg G, Lam HYP, Begleiter A (1979) Active carrier-
mediated transport of melphalan by two amino acid transport
systems in LPC-1 plasmocytoma cells in vitro. J Biol Chem 254:
1507-1064

Greig NH, Momma S, Sweeny DJ, Smith QR, Rapoport SI
(1987) Facilitated transport of melphalan at the rat blood-brain
barrier by the large neutral amino acid carrier system. Cancer
Res 47: 1571-1576

Handley WS (1907) The pathology growth in relation to their
operative treatment. Lancet I: 927, 996

Howell SB (1988) Pharmacokinetic principles of regional che-
motherapy. Contr Oncol 29: 1-8

Karakousis CP (1986) Die Chemotherapie des malignen Me-
lanoms. Chirurg 57: 606611

Kettelhack C, Kraus T, Manner M, Schlag P (1990) Hyper-
thermic limb perfusion for malignant melanoma and soft tissue
sarcoma. Eur J Surg Oncol 16: 370-375

25.
26.

27.

28.

29.

30.

31

32.

33.

34.
35.

36.

37.

38.
39.

40.

41.

42.

43.

41

Krementz ET (1986) Regional perfusion. Cancer 57: 416432
Krementz ET, Carter RD, Sutherland CM, Muchmore JH
(1987) Chemotherapy by regional perfusion for limb melano-
ma. Am Surg 53: 133-140

Krementz ET, Muchmore JH, Carter RD, Sutherland CM
(1988) Regional chemotherapy for melanoma of the limbs.
Contr Oncol 29: 247-260

Lienard D, Ewalenko P, Delmotte JJ, Renard N, Lejeune FJ
(1992) High-dose recombinant tumor necrosis factor alpha in
combination with interferon gamma and melphalan in isola-
tion perfusion of the limbs for melanoma and sarcoma. J Clin
Oncol 10: 52-60

Loos U (1990) Klinisch-pharmakologische Untersuchungen
zur Langzeittherapie mit Rifampicin und Melphalan. Thieme,
Stuttgart New York

Loos U, Musch E, Rauschecker H, Willenbrock CH, Gohl J,
Hohenberger W (1990) Pharmakokinetik der regionalen
Zytostatikaperfusion bei Extremitdtentumoren. In: Dengler J,
Schmitt CG (eds) Klinische Pharmakologie und Onkologie.
Fischer, Stuttgart New York, pp 99-117

Martijn H, Schraffordt Koops H, Milton GW, Nap M, Oos-
terhuis JW, Shaw HM, Oldhoff J (1986) Comparison of two
methods of treating primary malignant melanomas Clark IV
and V, thickness 1.5 mm and greater, localized on the
extremities. Cancer 57: 1923-1930

Meyer KR, Hopwood LE, Gilette EL (1979) The thermal re-
sponse of mouse adenocarcinoma cells at low pH. Eur J Cancer
15: 1219-1222

Meyer T, Gohl J, Schmidt O, Spru3 T, Christl C, Bernhardt G,
Hohenberger W (1994) Preclinical studies concerning hyper-
thermic isolated perfusion (HILP) of malignant melanoma.
Reg Cancer Treat 7: 138-143

Nagel K, Ghussen F, Kriiger I (1987) Miniature equipment for
the perfusion of rat limbs. Rat Exp Med 187: 1-8

Osterheld HKO, Musch E, Unruh GE von, Loos U, Raus-
checker H, Miihlenbruch BJ (1988) A sensitive high-perfor-
mance liquid chromatographic assay for melphalan and its
hydrolysis products in blood and plasma. Cancer Chemother
Pharmacol 21: 156-162

Rauschecker HF, Foth H, Michaelis HC, Horst F, Gatzemeier
W, Willenbrock C, Voth E, Kahl GF (1991) Kinetics of me-
Iphalan during hyperthermic isolation perfusion in melanoma
of the limb. Cancer Chemother Pharmacol 27: 379-384
Riviere JE, Page RL, Aucoin DP, Rogers RA, Williams PL
(1991) Effect of hyperthermia on the in vitro hydrolysis of
melphalan. Int J Hyperthermia 7: 527-529

Sachs L (1984) Angewandte Statistik (6th ed.) Springer, New
York Berlin Heidelberg Tokyo, pp 230-235

Santiami IM, Belli F, Cascinelli IN, Rovini D, Vaglini M
(1989) Seven years experience with hyperthermic perfusions in
extracorporeal circulation for melanoma of the extremities.
J Surg Oncol 42: 201-208

Scott RN, Weldon TE, Byrne D, Kaye SB, Mackie RM,
McKay AJ (1988) The effect of pH on melphalan cytotoxicity
in the human melanoma multicellular tumor spheroid (MIS)
model (abstract 186). Workshop: progress in regional cancer
therapy I. Jakesz R, Rainer H (eds), Springer, New York
Berlin Heidelberg Tokyo, p 108

Scott RN, Blackie R, Kerr DJ, Byrne D, Kaye SB, Mackie
RM, McKay AJ (1988) Single bolus or divided dose of mel-
phalan in isolated limb perfusion for malignant melanoma
(abstract 183)? Workshop: progress in regional cancer therapy
1. Jakesz R, Rainer H (eds), Springer, New York Berlin Hei-
delberg Tokyo, p 107

Tonak J, Hohenberger W, Gohl J (1984) Die isolierte hyper-
theme Extremitdtenperfusion bei malignen Melanomen und
Weichgewebssarkomen. Chirurg 55: 499-504

Vaupel P, Muceller-Klieser W, Otte J, Manz R, Kallinowski F
(1983) Blood flow, tissue oxygenation, and pH-distribution in
malignant tumors upon localized hyperthermia. Strahlen-
therapie 159: 73-81



42

44.

45.
46.
47.

Vaupel P, Ostheimer K, Mueller-Klieser W (1985) Circulatory
and metabolic responses of malignant melanoma tumors dur-
ing localized hyperthermia. Cancer 55: 698-701

Vistica DT (1983) Cellular pharmakokinetics of phenylalanine
mustards Pharmacol Ther 22: 379-422

Voigt H (1988) Zytostatikatherapie des Melanoms: systemisch
oder regional? Med Klin 83: 330-334

Wieberdink J, Benckhuijsen C, Braat RP, Van Slooten EA,
Olthuis GAA (1982) Dosimetry in isolation perfusion of the

48.

limbs by assessment of perfused tissue volume and grading of
toxic tissue reactions. Clin Oncol 18: 905-910

Zaffaroni N, Villa R, Orlandi L, Vaglini M, Silverstrini R
(1992) Effect of hyperthermia on the formation and removal of
DNA interstrand cross-links induced by melphalan in primary
cultures of human malignant melanoma. Int J Hyperthermia 8:
341-349



