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Abstract— Hyperthermic perfusion was given as a palliative treatment in three patients with a
bulky tumour in the leg. During the treatment, temperature and pH data were collected in both
tumour and normal tissues. The hyperthermia dose administered was 2 h at 41.9-42.7°C. It was
Jfound that the temperature distribution was far from homogeneous. In one case tumour pH could be
monitored throughout the whole treatment procedure. The tumour pH showed a steep decrease during
the initial phase of the perfusion, from a mean value of 7.11 to 5.94 at the start of the hyperthermic
phase. Subcutis pH decreased only 0.29 units during the whole procedure. In all three patients
considerable tumour regression was observed, without severe toxicity.

Hyperthermic perfusion appeared to be an effective debulking treatment. The pH decrease in
tumour tissue, immediately before hyperthermia, may be responsible for the remarkable effectiveness

of the hyperthermic treatment.

1. INTRODUCTION
CoNTROLLED normothermic regional isolation per-
fusion (RIP) with cytostatic drugs is part of the
therapeutic arsenal in the Dr. Daniel den Hoed
Cancer Center and is performed in cooperation
with the Netherlands Cancer Institute (Antoni van
Leeuwenhoek Huis) in Amsterdam [1]. In the Rot-
terdam Center, experience has also been obtained
with the clinical application of hyperthermia,
including whole body and local hyperthermia {2, 3].
Besides, human tumour pH data are collected as
part of the research on the influence of tumour
physiology on hyperthermia effectiveness [4, 5].
This combination of experiences has led to the
treatment of some patients with large tumours of
the lower limb with hyperthermic perfusion, during
which temperature and pH measurements were
performed.

Two of the important factors determining hyper-
thermia effectiveness are hyperthermia dose and
tissue physiology. Hyperthermia dose is determined
by the extent and the duration of temperature
increase [6]. The hyperthermia dose reported to
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be given during perfusion in combination with
chemotherapy is mostly relatively low [7-10], prob-
ably on the basis of unacceptable toxicity experi-
enced with the simultaneous combination of high
dose hyperthermia and drugs [11]. We therefore
decided not to give these two types of treatment
simultaneously.

Low environmental pH has been found to
increase cell sensitivity to hyperthermia [12, 13].
However, more recent data indicate that cells adapt
to a low environmental pH [14], which suggests that
only a pH decrease shortly before administration of
hyperthermia mightinduce an enhanced sensitivity.
This study presents evidence in favour of this
hypothesis, since the pH decrease which we
observed during the initiation of the hyperthermic
perfusion may have played a role in the remarkable
therapeutic effect of the treatment.

2. MATERIALS AND METHODS

2.1. Patients

In the period November 1984 to July 1986, three
patients were treated with hyperthermic RIP. All
three patients had a bulky tumour in the lower limb
which caused much inconvenience, and had been
treated previously with various modalities. Stan-
dard treatment in these patients would have been
amputation of the limb. The perfusion treatment
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was aimed at palliation. All patients had given
informed consent.

The first case was a 59-year-old male with recur-
rent fibrosarcoma in the leg, ulcerating through the
skin, with maximum tumour diameters of
11.5 X 13.5 cm, extension in depth about 5 cm.
After the primary treatment of this tumour, 26
months earlier, recurrences had developed after 12
and 6 months, respectively. The second case was a
71-year-old female with recurrent leiomyosarcoma
in the calf muscle, with a maxmimum diameter of
7 cm. This recurrence had developed 8 years after
the primary treatment; in this period there had been
no local problems and no systemic therapy. The
third case was a 6l-year-old male with multiple
metastatic nodules of non-Hodgkin’s lymphoma
located in the skin of the leg. The nodules were
confluating and ulcerating, the largest nodule meas-
uring 5 cm. The local problem existed for 40 months
and had been treated with various modalities almost
continuously; during this period no local control
had been achieved. The history of this third patient
is reported in detail elsewhere [15].

In patient 1, two hyperthermic perfusions were
performed with a time interval of 4 weeks. The
second perfusion was performed after the obser-
vation of partial regression following the first per-
fusion, with evidence of progression after 3 weeks,
and given in combination with a series of radio-
therapy. In patient 2, one hyperthermic perfusion
was given without additional treatment. In patient
3, the hyperthermic perfusion was followed 10
days later by a normothermic perfusion with L-
phenylalanine mustard (melphalan, 11 mg/!
perfused tissue [16]).

2.2. Perfusion technique

The extracorporeal circulation system was con-
nected to the superficial femoral artery and vein.
The flow rate varied from 350 to 400 ml/min. The
tourniquet was applied with a pressure of 200-300
mmHg. The technique has been reported in detail
by Wieberdink [1]. In all cases, the pH of the
perfusate was measured at least once during the
perfusion, on the arterial as well as the venous side.
These data are given in Table 1.

In the hyperthermic perfusion procedure the
following phases can be distinguished:

(a) the surgical phase, during which the blood
vessels are dissected; when the vessels are
cannulated to make the connection to the
extracorporeal circulation system, the limb
circulation is clamped;

(b) the heating phase, which starts when the
perfusion runs;

(c) the hyperthermic phase during which the

tissue temperatures are kept at the desired
level for 2 h;
(d) the cooling phase.

During a RIP with chemotherapy in our institute,
phases (c) and (d) are as follows: (c) the controlled
normothermic phase (tissue temperatures 37-38°C)
during which the perfusate contains the chemo-
therapeutic agent for 1 h and (d) rinsing of the
limb’s circulation with dextran solution (Macro-
dex®).

2.3. Hyperthermia

Hyperthermia was induced by increasing the
temperature of the perfusate up to 44.2°C and, after
reaching the desired temperature, maintained by
controlling the temperature of the perfusate
(41-44.8°C). The leg was wrapped by a mattress
with water circulating at a temperature of 39-44°C.

2.4, Temperature measurements

Temperatures were measured by thermocouples.
In the first two patients, single-point thermocouple
needles were used, whereas in the third patient
multi-point thermocouple probes placed within
closed-tip catheters [17] were used. Temperatures
were recorded every 2 min during the heating and
cooling phases, and every 10 min during steady
state hyperthermia.

2.5. pH measurements

pH was measured by a Philips C 902S tissue
pH electrode, using the method described by Van
den Berg et al. [4]. Following calibration in NBS
buffers at pH = 6.841 and 7.383, the electrodes
were sterilized in Cidex solution (Johnson and John-
son, Benelux BV). To allow the introduction of the
fragile glass electrode into tissue, a small incision in
the skin or tumour surface was made. The pH was
continuously measured with a Knick pH meter
(model 645; input impedence 2.10'2 ochm) in con-
junction with a chart recorder. In patient 1, no
tissue pH measurements were performed during the
first hyperthermic perfusion.

2.6. Tumour response and normal tissue reaction

The superficially located tumours were measured
by callipers and documented by colour photo-
graphs. The intramuscular tumour in patient 2
was documented by CT scanning. Any erythema,
oedema and dysfunction of the peripheal nerves was
recorded.

3. RESULTS

3.1. Temperature measurements
The desired hyperthermic temperature levels
were reached 35-50 min (mean 44 min) after the
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Table 1. Perfusate pH values

1-1* 1-2 2-1 3-1 3-2¢
pH arterial at 7.32 7.32 6.98 7.27 7.50
b§ nm. 7.30 7.1 7.24 743

d n.m. 7.31 7.10 7.22 —
pH venous a 7.29 7.29 7.09 7.24 7.50
b n.m. 7.30 7.08 n.m. 7.39

c n.m. 7.32 7.09 7.22 —

*Patient and treatment number.

+One hour normothermic perfusion, time b = time c.
ta = at start perfusion.

§b = after 1 h perfusion at the desired temperature.

lc = at the end of perfusion at the desired temperature.

n.m.: not measured.

start of perfusion. During the second perfusion in
patient 3 (with melphalan), controlled normo-
thermia was reached after 20 min.

The mean temperatures achieved in tumour tis-
sue ranged from 41.9 to 42.7°C, and the maximum
temperatures from 42.6 to 43.0°C. A summary of
the thermometry data is given in Table 2. Tumour
temperature was higher than normal tissue tem-
perature in patient 3, about equal in patient 2 and
lower during both perfusions in patient 1. During
two hyperthermic perfusions more than one tumour

temperature was measured. The data are given
in Table 3. It was found that the intratumoural
temperature distribution during hyperthermic per-
fusion is not homogeneous. This was clearly demon-
strated in patient 3, where tumour temperature was
measured at nine sites. In this patient, tumour
temperature increased with increasing depth
(Fig. 1). At the sites with the higher temperatures
the heating rate after the start of perfusion was also
higher. The lowest temperature in this case was
found at a depth of 5 mm in the part of the tumour

Table 2. Temperatures during hyperthemic perfusions

Patient and

Temperatures (°C)

treatment Tumour
number Subcutis Muscle n* Range Average
1-1 Trpean 424 420 1 41.9
T s 43.0 42.7 42.6
Eqt43 49 27
1-2 Tinean 42.4 42.2 2 41.4-42.3 41.9
Tax 429 42.8 42.3-42.9 42.6
Eqt43 51 16-49 33
2-1 Toean 42.6 42.8 1 42.7
Troax 43.0 43.0 43.0
Eqt43 85 82
3-1 Tnean 42.1 42.3 9 40.2-43.1 42.2
T 42.6 42.8 40.6-43.4 42.6
Eqt43 25 53
3-2 Toean 38.0 38.5 5 38.4-38.6 38.5
Tax 38.3 38.8 38.7-38.9 38.8
Tonean: (the average of) the mean temperature(s) during the hyperthermia ‘plateau phase’; T,,.: (the

average of) the maximum temperature(s) achieved
calculated as described in a previous paper [3].
*n: number of thermometry probes within the tumour.

; Eqt43: the equivalent time at 43°C in minutes
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Table 3. Intratumoural temperatures during hyperthermic perfusion

Tean T s
1-1 tumour 41.9 42.6
1-2 tumour centre 41.4 423
tumour periphery 42.3 42.9
2-1 deep in tumour 42.7 43.0
3-1 tumour surface* 42.3 42.6
tumour, depth 5 mm¢t 40.2 40.6
tumour, depth 8 mm (average, n = 5) 42.3 42.7
tumour, depth 12-15 mm (average, n = 2) 43.0 43.3
*At the tumour surface which was covered by the mattress.
tAt the site where the mattress did not cover the skin, to allow safe positions for the pH electrodes.
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Fig. 1. Temperature distribution during hyperthermic perfusion in patient 3. 1: Temperature of the perfusate; 2: average tumour

temperature at a depth of 12-15mm (n =

2); 3: average tumour temperature at a depth of 8 mm (n = 5); 4: tumour

temperature at a depth of 5 mm (n = 1); 5: intramuscular temperature; 6: subcutaneous temperature.

which was exposed to the environmental air. This
site was not insulated by the water mattress to allow
undisturbed pH measurements.

3.2. pH measurements

Evaluation of tumour pH during the whole hyper-
thermic perfusion procedure was possible only dur-
ing the first treatment in patient 3. During the
second perfusion in patient 1, the probes were
inserted at the end of the surgical procedure. As
the time required to reach equilibrium following
insertion of the probe in tumour tissue was found to
be in the order of 50-90 min [5], the values obtained

were considered unreliable in this case. During the
treatment in patient 2 and the second, normo-
thermic, perfusion in patient 3, tumour pH
measurements were not reliable due to movements
of the probes, caused by handling of the water
mattress.

Reliable readings of the pH in the subcutis could
be recorded for the three treatments in patients 2
and 3.

The course of tumour pH during the first treat-
ment of patient 3 is given in Fig. 2. Tumour pH at
the end of the ‘surgical phase’ (values of 7.09, 7.11
and 7.13) is much lower than the subcutis pH
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Fig. 2. Tissue pH values during hyperthermic perfusion in patient 3. 1, 2 and 3: tumour pH at different sites; 4: subcutis pH,
perfusate pH at the arterial site.

(7.66). Immediately following clamping, tumour
pH values started to decrease. After the start of
perfusion (pH of the perfusate 7.27), the pH
decreased further, reaching values of 5.99, 5.51 and
6.33 respectively, the mean pH at the start of the
‘hyperthermic phase’ thus becoming 5.94. During
the hyperthermic phase, no further decreases were
observed. The subcutis pH shows much less change
during the perfusion: —0.11 after clamping, —0.10
during the ‘heating phase’ and no change during
the ‘hyperthermic phase’. During the second per-
fusion in patient 3, the subcutis pH also showed
little change: —0.01 following clamping, —0.07
during the warming phase and —0.07 during the
phase of normothermia. In patient 2, the subcutis
pH dropped by 0.34 units following the start of
perfusion, from a value of 7.30 to a value of 6.96
(pH of the perfusate in this case 6.98).

3.3. Tumour response

In patients 1 and 3, hyperthermic perfusion
resulted in immediate tumour regression. In both
patients a blueish discoloration of the formerly red
cutaneous tumour nodules was observed at the end
of the perfusion procedure. During the following
days massive tumour necrosis could be observed,
which was confirmed by histological examination.
In patient 1, where the follow up was expectative,
tumour regression continued during 3 weeks. At the
end of this period, only the original tumour margins

were left, but these appeared vital and started to
progress again. The second hyperthermic perfusion,
which was given in combination with a series of
radiotherapy (55 Gy in 45 days) on part of the leg,
resulted in a complete tumour response within
the radiation field for a duration of 4 months. A
subcutaneous metastasis on the back, which had
been treated in about the same period with radio-
therapy only (40 Gy), showed no regression.

In patient 3, the combination of hyperthermic
perfusion with a normothermic melphalan perfusion
applied 10 days later resulted in a complete tumour
response for a duration of 7 months.

In patient 2, relief from the previously severe
pain was achieved immediately after treatment.
Tumour regression was observed from 1 month
after the hyperthermic perfusion. This regression
continued until 10 months after the treatment and
the palliative effect was still present at that time,
when the follow up was discontinued by the start of
systemic chemotherapy for progression elsewhere.

3.4. Toxicity

Erythema and oedema, grade II [16], was
observed only in patient 2. A decubitus ulcer of the
heel was observed in case 1 (second perfusion) and
case 2. In patient 2 also a small area of necrosis
developed at the site where the intravenous catheter
for pressure monitoring had been sutured to the
skin. Partial and transient nervous function loss was
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observed in patient 1 (motor function loss after the
first perfusion) and patient 3 (sensibility loss after
the first perfusion, motor nerve lesion after the
second perfusion). In both patients this was at the
level of the peroneal and posterior tibial nerve.

4. DISCUSSION

The three treated patients all showed a remark-
able tumour regression following hyperthermic
treatment at doses of 2 h at 41.9-42.7°C. In pati-
ents 1 and 3 the hyperthermia was combined with
another treatment modality, which in both cases
resulted in a complete response. In patient 2, hyper-
thermic treatment alone resulted in a long-lasting
partial regression and palliation. This excellent
palliative effect may be due to the relatively high
hyperthermia dose (2 h at an average of 42.7°C),
in combination with the low growth rate of the
tumour (local recurrence after 8 years without local
or systemic treatment).

The temperature distribution within the tumour
tissue was far from homogeneous. The difference
between mean intratumoural temperatures at differ-
ent sites during the hyperthermic phase was as
much as 0.9°C in patient 2 and 2.9°C in patient 3,
respectively. It was observed that at the sites at
which the heating rate was the highest, the mean
and maximum temperatures also were the highest.
This probably reflects a thermal contact with the
vascular system, through which the tissue is heated
during perfusion. Thus, the relationship between
blood flow and tissue temperature during perfusion
is opposite to that during heating with electro-
magnetic radiation, where blood flow tends to cool
the tissue [18].

The normal tissue temperature was, as expected,
not much different from the tumour temperature.
A higher tumour temperature was only observed
during one perfusion. So, therapeutic gain by hyper-
thermic perfusion can only be expected if there is a
difference in sensitivity between normal and tumour
cells.

Temperature and duration of temperature
increase determine the effectiveness of hyperthermia
[6], but in addition the sensitivity of cells to hyper-
thermia is considerably influenced by environmen-
tal factors such as hypoxia, low pH and insufficient
nutrient supply [12]. Recent reports indicate that
cells can adapt to less than optimal environmental
conditions, in particular pH, and that the sensitivity
to hyperthermia then is equal to that of cells in a
normal environment [14].

Unfortunately, the pH measurements performed
failed to give both complete and reliable results in
three of the four perfusion procedures. This was due
to various technical problems such as insufficient
time available to reach equilibrium and the impossi-
bility of avoiding inadvertent movements of the

probes. In the one case where a reliable and full
reading was achieved, a sharp decrease of pH level
was observed following clamping and during the
first period of perfusion, immediately before the
actual hyperthermic treatment. We assume that
such a pH decrease may also have occurred during
the other perfusions, by anaerobic glycolysis within
the tumours (the glucose concentration in the per-
fusate fluid was relatively high: 23-39 mmol.l7! at
the start of perfusion) and accumulation of lactate.
The pH decrease immediately before the hyper-
thermic treatment then may have increased the
sensitivity of the tumour cells. Such a steep decrease
was not observed in the subcutaneous tissue, prob-
ably because the normal cells do not metabolize
glucose anaerobically to the same extent as tumours,
and any lactate can be removed efficiently by the
blood. The only perfusion during which the subcu-
taneous pH dropped after the start of the perfusion
was that in patient 2. In this case the perfusate
pH was relatively low, and the subcutaneous pH
reached levels close to that of the pefusate pH.
Patient 2 was the only case in whom toxicity of
the normal tissues was observed in the whole treated
volume (erythema and oedema). This may be
related to the disturbance of the physiologic con-
ditions within the normal tissues, and then can be
prevented by using a perfusion fluid at normal pH.
Further toxicity was limited to pressure sites, where
hypoxia is expected to occur: ulcers at the heel in
two cases and transient peripheral nervous function
loss in two cases, probably caused by the pressure
exerted through the tourniquet, or, in patient 2, by
oedema. Pressure related toxicity can be prevented
by using anti-decubitus cushions at the sites at risk,
and by decreasing the pressure applied by the
touriquet to a minimum acceptable level: leakage
of the perfusate to the systemic circulation is not as
serious as during a perfusion with chemotherapy.
We conclude that hyperthermic perfusion can be
a valid additional treatment for bulky tumours in
the limbs, for which another treatment modality is
expected to be only partly effective. During hyper-
thermic perfusion the temperature distribution is
not homogeneous. The pH decrease in tumour
tissue, immediately before hyperthermia, may be
responsible for the remarkable effectiveness of the
hyperthermic treatment. Toxicity of hyperthermia
can be limited to a minimum by restoring physiol-
ogic conditions within the normal tissues during the
perfusion.
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