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ABSTRACT

A Phase I study of whole-body hyperthermia (WBH) (52 treat

ments/12 patients) was completed with no significant clinical
toxicity. The study incorporated a thermal dose escalation
scheme from 39.5Â°-41.8Â°C for up to 151 min. A radiant-heat

device was utilized for producing WBH. During WBH, patients
were sedated; endotracheal intubation was not required. No
changes in cardiovascular, respiratory, hematological, or bio
chemical indices requiring clinical intervention occurred during
the study.

We conclude the radiant-heat device coupled with a defined

pharmacological approach to WBH with appropriate patient
screening yields a system for 41.8Â°C WBH which is safe and

efficient, is not labor intensive, and does not require general
anesthesia and endotracheal intubation. This system is appro
priate for a multimodality approach to various systemic cancers.

INTRODUCTION

In published reports of Phase I trials of WBH3 in humans, core
temperatures have been maintained at 41 Â°-42Â°Cfor several h

with variable morbidity and occasional mortality (3-13). The

variety of WBH methodologies currently available reflects a lack
of consensus as to the best application of physiological and
physical principles to systemic hyperthermia. Most technologies
for WBH have undesirable features, including a requirement of
general anesthesia with endotracheal intubation and complexi
ties of the equipment used to regulate patient temperature (2,
14-17).

Based on a review of the published WBH clinical experience
as well as physiological thermoregulatory principles, we con
cluded that a simple system based on the control of radiant heat
exchange to supplement metabolic heat production might pro
vide several advantages, including: (a) decreased morbidity; (b)
elimination of general anesthesia; (c) improved patient comfort;
and (d) favorable cost-benefit considerations (18,19).

Systems utilizing an intense radiant energy flux obtained from
incandescent bulbs having effective radiating temperatures
above 1500Â°C were used to produce WBH in humans (4, 13)
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and in pigs (20). The use of such incandescent bulbs produces
high skin temperatures resulting in pain, skin burning, erythema,
sympathetic stimulation (21), and vasodilatation (2).

We postulated that, if a technology provided a low-power

density radiant heat, i.e., an effective radiating temperature of
~65Â°C producing a modest air temperature (20-25Â°C lower)
near the skin, core temperatures of 41.8Â°Ccould be achieved in

~60 min with minimal discomfort and cardiovascular stress (18,

22). We have described such a technology as well as our
preclinical testing of the WBH-RHD in a porcine model (22).

Following our porcine study, we modified the RHD for human
use. This report describes results obtained with this system in a
Phase I study of patients with disseminated cancer.

MATERIALS AND METHODS

Patient Selection. All patients had a histopathologically confirmed
cancer not amenable to more conventional treatment at the time of
presentation. Patients with measurable disease or objectively Ã©valuable
disease were preferred but not required. Patients were required to have
a life expectancy of at least 12 weeks. An Eastern Cooperative Oncology
Group performance status of 2 or better was required (Table 1) (23).
Written informed consent was obtained from all subjects. Adequate bone
marrow function [defined as a peripheral total WBC Â»2,000, absolute
granulocyte count (segmented plus unsegmented) of >1,600 and platelet
count of >100,000], adequate liver function [total bilirubin Â«2.0mg/100
ml and alkaline phosphatase (normal range, 35 to 130 units/liter), LDH
(normal range, 0 to 200 units/liter), and SGOT (normal range, 0 to 50
units/liter) <2x normal], adequate renal function (creatinine <2.0 mg/
100 ml, blood urea nitrogen Â«30mg/100 ml, and normal urinalysis), and
calcium and electrolytes within normal limits were required for entry.
Patients with a history of an allergy to lidocaine, malignant hyperthermia
associated with general anesthesia, hepatitis, documented coronary
artery disease, history of angina, congestive heart failure, or serious
dysrhythmias were excluded. Neurological bases for exclusion were
central nervous system involvement by tumor, previous spinal cord or
brain irradiation, documented peripheral neuropathy, or a history of
emotional instability. Patients with hepatic replacement by cancer which
is greater than 30% as estimated by liver or computerized axial tomog
raphy scan as well as patients with alcoholic liver disease were excluded.
Patients must not have had chemotherapy within 30 days prior to
therapy.

Pretreatment Evaluation. Evaluation included pulmonary function
tests, computerized axial tomography scan of the brain, chest X-ray, full

hematological survey including hemastatic parameters, a serum bio
chemical survey, and a 24-h creatine clearance. An exercise-multigated

radionucleotide ejection scan was performed on patients. Patients were
eligible if their resting ejection fraction was greater than 45% with no
deterioration on exercise.

Table 1 shows the demographic profiles and includes prior therapy of
the 12 patients entered in this study. The patient number assigned in
Table 1 is used to identify patients in charts and text.

Hyperthermia Treatment Escalation Scheme. Our study design
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included a concept of graded increase in thermal dose following a
modified Fibonacci scheme (24). We defined 1 thermal dose unit to be
an increase in metabolic rate of 20 watts above the calculated BMP.
Such a definition incorporates the known nonlinear relationship between
core temperature and metabolic rate (7) (Table 2). Hyperthermia treat
ment times for a specific number of thermal dose units on the escalation
scheme were calculated for each patient, utilizing BMR values obtained
from standard reference tables (25, 26) and the following equation.

Time at target temperature

_ (no. of dose unitsX20 watts/unit) 60 min

increase BMR at target temperature

Table 2 presents the escalation scheme. The listed treatment times
for each thermal dose were calculated, assuming a hypothetical patient
(18-year-old male with a surface area of 1.7 sq m). The actual treatment

times for individual patients were within Â±10% of the times presented in

Table 2.
The protocol design planned 4 treatments with approximately 1 week

between each treatment for each patient. As shown in Table 2, there
was a minimum of 3 treatments at each dose level in Groups A and B
and a minimum of 6 treatments at each treatment level in Group C for
temperatures >40.5Â°C. It was planned to double the patient accrual of

any group if significant toxicity was observed. As no clinically significant
toxicity occurred, only 12 patients were entered in this study. Patients

Table 1
Demographicprotile

Table 2
Hyperthermiatreatmentscheme

Patient Age/Sex Diagnosis PS8'' Prior treatment

1 25/M Melanoma; liver & lung 1
mÃ©tastases

2 50/M Squamous cell cancer 2
(skin); inguinalnode
mÃ©tastases

3 45/M Melanoma;skin, lung, & 1
bone mÃ©tastases

4 46/M Colon; lung & abdominal 1
mÃ©tastases

5 17/F Melanoma;skin metas- 1
tases

6 52/F Melanoma; liver metas- 2
tases

7 31/M Leiomyosarcomaliver me- 1
tastases

8 51/F Pancreaticcancer 1

9 43/M Leydig cell cancer visceral 1
mÃ©tastases

10 47/M Colon cancer; liver metas- O
tases

11 56/F Colon cancer; lung metas- 1
tases

12 59/M Prostate cancer; bone 1
mÃ©tastases

Surgery, DTIC, PCNU

Surgery, radiation

BCG, MeCCNU.
PCNU

Surgery, interferon

Surgery

PCNU,Acivicin

Adriamycin, DTIC

Surgery (biliary tract
diversion)

Surgery, radiation,
Adriamycin, tamoxi-
fen

Surgery, 5-FU, levami-
sote

Surgery, PCNU

DES, Stilphosterol,
LHRH

* PS, performance status (Eastern Cooperatve Oncology Group) (23); DTIC,
imidazole carboxamide; PCNU, (urea,1-<2-chloroethyl)-3-(2,6-dioxo-3-piperidyl)-1-
nitroso-); BCG, bacillus Calmette-Guerin; MeCCNU, 1-(2-chlorethyl-3-(4methyl-
cyclohexylM -nitrosourea; 5-FU, 5 fluorourocil; DES, diethylstilbestrol; LHRH, leu-
teinizing hormone releasinghormone.

6 Status: 0, normal activity; 1, symptoms, but ambulatory; 2, in bed <50% of
time; 3, in bed >50% of time; 4,100% bedridden.

Peak core Time at peak
Treatment temperature temperature

Group level (Â°C) Dose units8 (min)6 nÂ°

ABC123â€ž4"1234*1234"39.540.541.541.540.541.541.541.540.541.841.841.8123.3523.3573.3579355055855055851208080110140443344335667

8One unit = increase in metabolic rate of 20 watts above BMR based on age,

sex, surface area, peak temperature.
6Time required to produce desired thermal load; calculation based on an 18-

year-old male; surface area, 1.7 sq m; 70 kg (BMR, 85 watts); equation used for
calculation: BMRroor.= 85 x 1.07(râ„¢-37>/0.5(7).

c n = number of treatments performed at this level.
" Swan-Ganzcatheter and arterial pressure monitor placed.

responding clinically could have additional treatments at their fourth
treatment level. A total of 52 treatments was performed.

WBH-RHD. A prototype WBH-RHD was provided by Enthermics, Inc.,

Menomonee Falls, Wl (patent pending). The device has a housing of
stainless steel sheeting mounted on a framework of rectangular stainless
steel tubes. An internal chamber, with a cylindrical wall formed of 1.22-
mm-thick copper and sealed at one end by a disc of the same material,

is 2 m long and 0.9 m in diameter.
The patient lies on a stretcher which is mounted on rails to permit

easy movement into and out of the chamber (Fig. 1). The stretcher has
a headrest for the patient, a dependent panel that assists in sealing the
chamber, and a handle for ease in moving the stretcher.

A pair of insulated doors in the shape of an inverted L is used to close
the open end of the chamber. The patient's head remains outside of the

chamber at all times. The doors have a soft sealing collar which fits
around the neck of the patient. Gaskets seal the doors and the dependent
carriage panel. Windows in the doors permit observation of the patient
during treatment. To assist observations, a 40-watt bulb is mounted in

the chamber.
An electrically heated cable is wrapped around the internal chamber

in a distribution to produce the desired surface temperature while mini
mizing convectivo air movements inside the chamber.

For safety, 2 control devices are connected in series across the
energized and grounded busses that activate the relay which controls
heating. One is a cutoff thermostat placed on the chamber wall; it is
activated in the event that the surface temperature rises about 75Â°C.A

second cutoff thermostat is activated if the temperature inside the
chamber near the upper wall exceeds 80Â°C.A thermostat regulates the

chamber air temperature at top center in accordance with the tempera
ture set by the operator.

During the course of these studies, modifications to improve heating
rates included: (a) increasing the emissivity of the inner surface by a
black emulsion and (b) the addition of 2 ports for injection of mist into
the chamber. The mist is produced by 2 Devilbiss 65 ultrasonic nebulizers
(Devilbiss Co., Somerset, PA). The present device (Fig. 1) is functionally
identical to the one described in more detail in the report of the preclinical
studies (22).

Fluid Support and Sedation during WBH. Patients received 0.75 to
1.0 liter of i.v. 5% dextrose in 0.25 normal saline per h alternated with
5% dextrose in 0.5 normal saline plus ~7.5 meq of potassium chloride

per liter. Body weight, urinary output, and electrolytes were monitored
to assure that this fluid regimen maintained homeostasis during and after
the procedure.
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Fig. 1. The WBH-RHD consists of a metal chamber into which a patient is
inserted using a stretcher mounted on rails. The chamber is heated by a specialized
heating cable wrapped around the outside of the metal chamber. The chamber is
equipped with doors which, when closed, seal the chamber and hold a soft collar.
The patient's head remains outside the chamber, and this soft collar seals the area
around the patient's neck. The soft collar also permits the passage of an i.v.

catheter and monitoring cables into the chamber. Details are presented in text and
elsewhere (22).

A combination of lidocaine and thiopental was the primary sedative
for WBH treatments. The rationale for lidocaine was that it might provide
cardiac arrhythmia prophylaxis. Similarly, thiopental might provide sei
zure prophylaxis (2). These drugs display synergistic sedative effects
when used in combination (26).

Approximately 1.5 h prior to treatments, patients were given p.o.
diazepam, usually in a 10-mg dose. Patients with underlying pain had a

narcotic included in their pretreatment medication, usually levorphanol
tartrate, 1 mg p.o. Patients presented for treatments awake, generally
calm, and cooperative. Diazepam (5 to 10 mg i.v.) was occasionally
administered to anxious patients during the placement of catheters or
the esophageal temperature probe.

After the patients were placed in the RHD (with monitoring sensors
attached and base line parameters recorded), a bolus of lidocaine at 1
mg/kg up to a maximum of 100 mg was given, and a continuous infusion
was begun. The infusion rate ranged from 1 to 3.7 mg/min and was
adjusted to obtain a serum level of 2 to 6 i/g/ml, which is considered
therapeutic for cardiac arrhythmias. Levels were determined using a
standard assay on a blood sample drawn after the patients reached
target temperature. Lidocaine infusions were continued until patient core
temperatures fell to 39.5Â°C during the cooling phase of the treatment.

Thiopental was administered using bolus doses of 12.5 to 60 mg to
the first 3 patients in the study. Subsequently, a protocol was adopted
in which a continuous thiopental infusion was started soon after the
onset of heating. Supplemental 20- to 40-mg boluses were occasionally

given when additional sedation was indicated. This regimen provided a
controlled sedative effect and minimized drug dosage and concomitant
undesirable side effects (e.g., prolonged sedation and gastric stasis).
Patients received thiopental (0.02 to 0.065 mg/kg/min). Serum drug

levels were measured after the patients reached target temperature
using a high-pressure liquid chromatography assay developed by the

University of Wisconsin Toxicology Laboratory. Levels ranged from 0.7
to 12.5 Mg/ml. Details of the assays used are available on request.
Proximity of blood sampling to bolus doses, length of treatment, total
dose administered, drug metabolic rate, volume of distribution, and
individual drug tolerance contributed to the wide range found in the
thiopental levels.

When patients complained of discomfort or exhibited agitation, diaze
pam and fentanyl were administered i.v. in incremental boluses of 2 to 5
mg and 25 to 50 ^g, respectively, to improve patient comfort and
sedation. Use of these additional medications varied greatly between
patients and between WBH treatments with a given patient. The doses
of diazepam ranged from 10 to 30 mg per treatment and of fentanyl,
from 150 to 400 ^g per treatment.

The aim of our sedation was to have a quiet, calm patient who could
sleep intermittently, yet respond lucidly to verbal stimulation, retain
laryngeal reflexes, and continue spontaneous respirations at a rate
greater than 10 breaths per min. Verbal contact was maintained with all
study patients during sedation. All patients returned to regular in-patient

rooms upon treatment conclusion.
Most patients received nasal oxygen (2 to 6 liters/min) during treat

ment.
Treatment Procedure. After placement of physiological monitoring

sensors and initiation of i.v. fluids, the patient was moved into the
prewarmed apparatus, and the doors were closed around the neck.
Evaporative heat loss from the head was minimized by a plastic shower
cap and towels. After modification of the RHD, elevation of the esopha
geal and rectal temperatures to the target level was accomplished in 60
to 80 min. After achieving target temperature, the patient was covered
with water-absorbing blankets and with a plastic sheet that served as a

vapor barrier to prevent evaporative heat losses. Following this, the
patient was removed from the chamber of the RHD. The elevated
metabolic rate found at 41.5-41.8Â°C was equal to the heat losses from

the covered patient resulting in stable esophageal and rectal temperature
with the covered patient totally outside the heating chamber of the RHD.
On a few occasions when the core temperature continued to rise by a
few hundredths of a degree, exposure of a limb for a short time permitted
sufficient heat loss to occur to return the temperature to target level. At
target temperatures of 39.5-40.5Â°C, the rise in metabolic heat produc

tion was barely sufficient to balance out the heat losses and therefore
maintain a stable plateau temperature. Control of heat losses was easily
achieved by moving the covered patient partially into the device, thus
reducing conductive heat loss. Treatment time was defined as the
elapsed time at plateau temperature while the patient was covered with
blankets. Treatments were terminated by removing the blankets and the
vapor barrier. When the patient was uncovered, evaporative and radiant
heat losses produced a fall in core temperature to about 39.5Â°C in 20 to

30 min; a slower exponential falloff to normothermic levels was com
pleted in about 1 h.

Evaluation during Study. In addition to the preevaluation studies
described above, the protocol required a biochemical serum profile which
included electrolytes, liver function tests, creatinine clearance, Mg2*, and

CPK before each treatment and 24 and 48 h posttreatment. Hematolog-

ical profiles (complete blood count, platelet count, prothrombin time,
partial thromboplastin time, fibrinogen, and fibrin split products) were
similarly scheduled. Arterial blood gasses were analyzed at target tem
peratures for all treatments. Cardiac rhythm, blood pressure, heart rate,
and respiratory rate were continuously displayed, monitored by the unit
staff, and recorded every 10 min. Electrocardiograms were performed
24 h posttreatment.

Immunological and endocrine responses were evaluated; the results
will appear elsewhere.

For the evaluation of cardiopulmonary function, a Swan-Ganz catheter

(American Edwards Laboratories, Santa Ana, CA) and an arterial pres
sure catheter were placed in 8 of the 12 patients at Treatment Level 4
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(Table 2). Cardiac output was determined by a thermodilution technique
using a cardiac output computer (American Edwards Laboratories). Our
monitoring of patients indicated no undue cardiopulmonary stress re
quiring any intervention, and the practice of introducing these invasive
catheters was discontinued on the grounds that the added risk to the
patient was unwarranted. Oxygen consumption was measured during
Swan-Ganz catheterization using the inverse Pick method: (O2 arterial -

O2 venous) x cardiac output.
Temperature Monitoring and Thermometry. Esophageal, rectal, skin

(axillary, cheek, thigh, chest), and ambient air temperatures were moni
tored using Series 700 thermistors (Yellow Springs Instruments, Yellow
Springs, OH) in conjunction with a digital thermometer (Model 5810;
Digitec, Dayton, OH). Pulmonary artery temperatures were measured
during 8 treatments at Level 4 using the Swan-Ganz catheters (American
Edwards Laboratories). A 16-gauge foley catheter (Urotrack; Vitalme-

trics, San Diego, CA) incorporating a thermistor temperature probe with
a digital thermometer was used in selected treatments for bladder
temperatures.

The Series 700 thermistors were calibrated against a PtRTD (accuracy
Â±0.02Â°C) (Instrulab, Inc., Dayton, OH) from 34-45Â°C on 3 consecutive

days prior to each treatment. These data were analyzed using a linear
regression method, and corrections were made in 0.01 Â°Csteps from
37.00-43.00Â°C of the observed readings.

Using a sterile technique, Swan-Ganz catheters were calibrated for

the peak temperature against the PtRTD on the day of treatment. Bladder
probes were also calibrated against the PtRTD on the day of treatment.

Statistical Analysis. Data are presented as the mean Â±SD \n\. where
n is the number of observations.

RESULTS

Time-Temperature Profiles. For a given patient, we observed
a remarkable reproducibility of time-temperature profiles during

heating and cooling. After placing the patient into the RHD, there
was a delay until temperatures (pulmonary artery, rectal, esoph-

ageal) began to rise. The delay depends upon the surface
radiating temperature and the relative humidity of the RHD. The
device was modified to improve heating rate 3 times. One index
of heating is given by the slope of straight lines fit to the
esophageal temperature from 38Â°-40.5Â°C versus time. The

original device yielded an average rate of 70.7 Â±5.43 [4 patients]
min/degree, decreasing after improving the humidification sys
tem to 24.2 Â±2.30 [2 patients] min/degree and further decreas
ing to 13.44 Â±1.39 [5 patients] min/degree when the surface
emissivity was increased by the placement of a black emulsion
on the radiating surface. Over all 12 patients, the coefficient of
variation of the average time required to raise the esophageal
temperature 1Â°Cwas 9.3%.

Chart 1 shows profiles of 3 Group C patients. The stable
plateau phase after achieving the target temperatures of 41.5-
41.8Â°C was maintained outside of the RHD chamber by simply

covering the patient with blankets and a vapor barrier (see
"Materials and Methods" for details). Temperatures in the 39.5-
40.5Â°C range could be maintained by reducing conductive heat

loss by placing the covered patient back into the RHD (as
described in "Materials and Methods"). For example, Patient 12,
treated at the 40.5Â°C level, had an average rectal temperature
of 40.49Â°C Â±0.57 [10] and an average esophageal temperature
of 40.62Â°C Â±0.11 [10]. The higher standard deviation of the

rectal is due primarily to the short lag between rectal and
esophageal time to temperature. When one calculates the stand
ard deviation during the last 50 min of treatment, the rectal

decreases to Â±0.16Â°C,and the esophageal is virtually un
changed at Â±0.12Â°C.

In treatments which included Swan-Ganz catheterization, the

rise of pulmonary artery temperature preceded the rise in rectal
temperature during heating. We found the rectal and pulmonary
artery temperature to become almost equal after a patient
reached target temperature, was covered, and removed from
the RHD chamber (Chart 1). During cooling (following removal of
the vapor barrier), decreases of pulmonary artery temperature
preceded decreases of the rectal temperature (Chart 1). Both
esophageal and pulmonary artery temperatures bore the same
temporal relationship to rectal temperature during heating
(Charts 1 and 2).

Upon entering the RHD, a patient's skin temperature rose
rapidly (Chart 2) to about 38-39Â°C and then increased at about
the same rate as the rectal temperature. At the time a patient's
core temperature approached 41.8Â°Can average maximum skin
temperature of 42.66Â°C Â±0.58 [17] was seen.

Temperatures monitored by a thermistor in the bladder were
close to rectal temperatures measured concurrently but differed
from concurrent esophageal temperatures. Properly insulated,
axillary temperatures were within 0.2Â°Cof pulmonary artery or

esophageal probes during the heating period.
Cardiopulmonary Function. Chart 1 presents data from 3

different patients treated at 41.8Â°C(Group C, Level 4). The chart

illustrates stable mean blood pressure, pulmonary artery mean
pressure, and pulmonary artery wedge pressure as a function of
time.

The increase in cardiac output and heart rate with respect to
time are shown in Chart 1. When the heat rate is plotted versus
cardiac output, a linear relationship is observed. Stroke volume
remained relatively constant. These results are representative
for all eight patients in whom invasive monitoring was performed.
No patients received diuretics or inotropic drugs at any time
during or after WBH; blood pressures did not require adjustments
of the crystelloid infusion rates.

As core temperature increased, a rise in oxygen consumption
occurred, reflecting an increased metabolic rate (7, 25). Arterial
and venous oxygen saturation remained normal, even in patients
not receiving nasal oxygen. Blood gas analysis on all patients
was performed prior to study entry; the mean pH value was 7.42
Â±0.02 [12]. In 12 patients treated at 39.5Â°C and 40.5Â°Cfor a

total of 17 treatments, arterial blood determinations of pH were
made during the plateau phase. The individual values were
assumed to be independent and had a mean of 7.38 Â±0.05 [17]

For 9 patients treated at 41.5Â° and 41.8Â°C, there were 35

treatments with concomitant arterial blood determinations with
a mean pH value of 7.38 Â± 0.06 [35]. Arterial CO2 tension
remained normal during treatment. Serum lactate levels in bloods
drawn during the plateau phase of a hyperthermia treatment
were 2.53 Â±0.08 [20] mmol/liter (upper limit of normal at our
hospital = 2.0 mmol/liter).

Serum Chemistries. The mean values for serum Mg2+, Ca2+,
and P042+ 1 day and 2 days posttherapy for all groups were in

the normal range for our hospital and within 1 SD of the pretreat
ment mean value.

The pretreament serum glucose level in the study averaged
94 Â±10 [49] mg/100 ml. During treatment, all patients received
i.v. dextrose. The mean serum glucose value during the plateau
phase was 258 Â±93 [44] mg/100 ml. One day posttreatment,
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Chart 1. Data collected from 3 Group C patients (a. Patient 8; b. Patient 9; c, Patient 10) treated at 41.8Â°C. When a pulmonary artery (P.A.) temperature of 41,8Â°C
was achieved, the patient was covered with blankets and a vapor barrier and removed from the apparatus. Characteristically, a rectal temperature (O) of 41.8Â°C is

achieved approximately 10 min later, after the establishment of a hyperthermia plateau phase. When the coverings were removed, pulmonary artery temperature
decreased immediately. This drop in blood temperature precedes the fall in rectal temperature. The stability of mean blood pressure (BP), pulmonary artery pressures,
and respiratory rate as a function of time is illustrated. Patterns of heart rate and cardiac output are also shown.

Chart 2. The relationship of skin (D), esophageal (â€¢),and rectal (O) temperature
as a function of time on a Group-C Level-4 treatment of Patient 12 heated to
41,8Â°C is shown.

mean glucose was 111 Â±19 [51]; 2 days posttreatment, 124 Â±
30 [30]; and approximately 7 days posttreatment, 92 Â±12 [37].

Serum Enzymes. We studied the changes in LDH, alkaline
phosphatase, and SCOT as a reflection of the liver status of our
patients. As these enzymes can also be synthesized by other
cell types, their elevation can occur in the absence of any direct
hepatic change (28-31). To appreciate the potential biological

significance of the enzyme changes seen, each patient was
reviewed individually in terms of changes in clinical status, LDH-

isoenzyme fractionation, changes of an enzyme level in relation

ship to other enzymes, and the temperature and duration of the
WBH treatment. We defined 4 categories of enzyme changes
based on a significant posttreatment elevation of a serum en
zyme being a value which was above the normal range for our
hospital and 10% above the pretreatment value.

The first category of no change after WBH contained 7 pa
tients, with a maximum heating of 41.8Â°Cfor 135 min.

In the second category with transient hepatic enzyme eleva
tion, there were 3 patients, all from Group C, Table 2. LDH
elevation was associated with a concomitant rise in SGOT but
no significant change in alkaline phosphatase. LDH and SGOT
elevation peaked at 24 h, began to fall at 48 h, and returned to
base-line levels at 144 h. LDH fractionation showed that rise in
LDH was associated only with the hepatic band (LD-5) (31, 32).

Two of these patients (nos. 8 and 12) had enzyme changes only
at their maximum WBH treatment level of 41.8Â°C for 142 min.

Patient 8 had a rise in LDH from 114 to 240 units/liter (24 h),
with a concomitant rise in SGOT from 26 to 129 units/liter.
Patient 12 had a rise in LDH from 160 to 402 units/liter (24 h)
with a concomitant rise in SGOT from 34 to 462 units/liter. The
third patient (No. 9) had changes during all 3 treatments per
formed at 41.8Â°C.These changes were quantitatively similar. At
the maximum treatment level (41.8Â°Cfor 151 min), there was a

rise in LDH from 135 to 588 units/liter (24 h) with a concomitant
rise in SGOT from 32 to 462 units/liter.

One patient (No. 6; melanoma metastatic to skin and liver)
was in category 3 (tumor lysis). This patient had increases in
LDH at both 40.5Â° and 41.5Â°C, which were approximately 3

times the pretreatment value. The peak LDH level occurred at
48 h with a range of 1059 to 1350 units/liter. The LDH returned
to values below pre-WBH values approximately a week after

WBH treatments. The transient LDH increases were not asso
ciated with rises in alkaline phosphatase or SGOT. LDH isoen-

zyme fractionation revealed that the increase in LDH was entirely
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within an intermediate band (LD-3), which is associated with
cancer (29, 31), and not in the hepatic band (LD-5). These LDH
changes correlated with a marked improvement in the patient's

performance status and with tumor lysis (hemorrhagic changes)
in numerous s.c. nodules. Improvement in the patient's liver scan

was equivocal. Collectively, the above observations suggest a
tumor lysis syndrome rather than hepatic change induced by
WBH.

One patient (No. 10; colon cancer metastatic to liver) showed
both the hepatic change and the tumor lysis syndrome defined
as Category 4. This patient received a total of 9 treatments. This
patient's LDH levels showed an increase of -60% in 7 of the 8
treatments at 41.5Â°or 41.8Â°C(with no increase in a 40.5Â°C

treatment). LDH rose without concomitant rise in SCOT or
alkaline phosphatase in one of these 7 treatments. This rise was
completely in an intermediate band (LD-4)associated with cancer
(29, 31). In the other 6 treatments showing enzyme elevation,
LDH and SGOT increased concomitantly. In 5 of these 6, the
LDH fractionation showed both LD-4 and LD-5. One of these 6
treatments was associated with a change in only Band LD-5.
The change in LD-4 discussed above correlated with drops in
carcinoembryonic antigen following WBH and equivocal improve
ment in liver scan, suggesting therapeutic improvement. The
patient also had a modest decrease in serum alkaline phospha
tase, representing an improvement.

With regard to the enzyme CPK, significant elevation occurred
in only one patient (No. 5) after WBH and was not associated
with clinical symptoms, such as muscle aches. A major increase
in CPK was observed after the patient's first WBH treatment at
40.5Â°C.Subsequent treatments at higher thermal doses pro
duced diminishing elevations of noncardiac muscle CPK. Isoen-
zyme fractionation demonstrated that this elevation was in the
noncardiac muscle fraction.

Hematological Studies. We present our hematological data
(pre- and post-WBH) as the means and standard deviations for
all patient values at a given number of hyperthermia dose units
as defined in Table 2.

With regard to the WBC count, we found no trends as the
WBH dose was escalated. WBC did not change post-WBH; e.g.,
at the highest dose, 9 dose units (41.8Â°Cfor ~140 min), we
found a pre-WBH count of 7.4 x 103cells Â±1.54 [7]; 1 day post-
WBH, 8.0 x 103cells Â±1.52 [7]; 2 days post-WBH, 8.5 x 103

cells Â±1.90 [7].
With regard to platelet count, we found no trends (e.g., de

creasing counts post-WBH) as we escalated the WBH dose
levels. There was no change in platelet count 24 h, 48 h, and 6
days posthyperthermia for Dose Units 1, 2, 3.3, 5, and 7. All
platelet changes were within a standard deviation of a mean of
the pretreatment value; e.g., at 7 dose units: pre-WBH, 346.4 x
103Â±127.09 [7]; 1 day post, 304.3 x 103Â±119.42 [8]; 2 days
post, 315 x 103 Â±126.87 [8]; and 6 days post, 305.4 Â±82.39

[6]. However, at 9 dose units, we did observe a decrease in
platelet count, which was statistically (f test, P < 0.05) but not
clinically significant; i.e., pre-WBH, 305.4 Â±82 [6]; 1 day post,
204.3 Â±59.96 [6]; 2 days post, 2~\6Â±85.72 [6]. This was not

associated with a disseminated intravascular coagulation phe
nomenon; at all doses (including 9 dose units), fibrinogenilevels,
prothrombin time, partial thromboplastin time, and fibrin split
products were in a clinically normal range from our hospital, and
all posttreatment mean values were within 1 SD of the pretreat

ment mean.
Toxicity. In the presentstudy,no significanttoxicityoccurred

in association with any of the WBH treatments. Pretreatment
activity levels were generally resumed within 6 h of treatment
conclusion. Three patients experienced a single emesis unac
companied by nausea 3 to 5 h posttreatment. We interpreted
this as due to gastric stasis following the thiopental infusion. A
small dose of i.v. metoclopramide (10 to 15 mg) given immedi
ately after WBH had eliminated this complication.

Therapeutic Response. SincethisPhaseI trialwas designed
to assess the potential toxicities of radiant heat-WBH, there was
no requirement for patients to have measurable or Ã©valuable
disease. Of the 12 patients treated, 5 had measurable disease,
and 5 had Ã©valuabledisease as defined by Eastern Cooperative
Oncology Group criteria (23). Among these 10 patients, 5
showed diseasestabilization for a medianof 5 months; 3 patients
were observed to have minor responses.

DISCUSSION

The biophysical rationale for the use of the RHD for WBH
resides in the fact that the major component of heat loss between
humans and their environment when evaporative losses are
controlled is radiant energy (2,18,19,22). Radiant heat emission
depends on the dermal temperature; for a 1.7-sq m, 70-kg
human, this emission is 740 watts when the skin is at 33Â°Cand
841 watts at a skin temperature of 43Â°C(2,7,19). Concurrently,

radiant heat gain from an environment with an effective radiating
wall temperature of ~27Â°Cis 690 watts; it is 1110 watts at
~60Â°C,the surface temperature of the RHD. The latter calcula

tion suggested that a RHD with an effective radiating surface
temperature of 60Â°Cwould provide a net radiant heat gain
sufficient to raise the core temperature of a human to 41.8Â°Cin
~60 min when evaporative losses were minimized. These cal
culations assumed the emissivity of the surface of the RHD to
be high (22). Further, we hypothesized that, if the device main
tained a relatively low air temperature, such that the skin tem
perature remained less than 42.5Â°C,skin burning, pain, and

cutaneous sympathetic stimulation and vasodilatation would not
be excessive. This would obviate the need for generalanesthesia
(including endotracheal intubation) and reduce cardiovascular
stress. Consistent with this hypothesis was the observation of
Damato ef al. (33) that normal subjects at rest tolerated air
temperatures up to but not exceeding 47Â°Cwithout increases
in cardiac stress. The temperature of the air near the patient's
skin in the RHD does not exceed this limit (;.e., 47Â°C).

In addition, recognizing that the sympathetic receptors for
temperature are dermal (21), we speculated that skin tempera
ture should be maintained below 42.5Â°Cto avoid increases in

heart rate which are not commensurate with metabolic demand.
In this regard, Chart 2 illustrates that skin temperature increases
from 33Â°Cto a high of 42.5Â°Cduring the heat-up phase of WBH.

Since esophageal and pulmonary artery temperatures have the
same temporal relationship to rectal temperature during heating,
the esophageal temperature can be used for estimating arterial
blood temperature. When the patient reaches a target tempera
ture of 41.8Â°C,the patient is covered with blankets and removed

from the RHD. This establishes the stable treatment tempera
ture, i.e., hyperthermic plateau phase. When the patient is cov
ered, there is a fall in skin temperature to ~41 Â°C.We believe
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the above considerations serve, in part, to explain the cardiovas
cular stability of the patients studied (Chart 1).

The hyperthermia plateau phase defined above is due to the
nonlinear increase in metabolic rate which occurs when core
temperature increases; e.g., 37Â°C = 85 watts; 41.8Â°C = 162

watts (Table 2), the prevention of evaporative cooling and the
control of conductive losses (7, 22).

The cardiovascular stability observed, as well as the avoidance
of other major toxicities, may be related to the choice of drugs
used for patient sedation without endotracheal intubation. The
potential for anesthetic agents to interact with WBH to cause
toxicity has been previously considered (2, 34). The agents and
doses used in our clinical trials were screened for toxicity in our
earlier murine and porcine studies (22, 35, 36).

Lidocaine and thiopental were given in combination to induce
sedation (27) and to provide arrhythmia and seizure prophylaxis.
It should be noted that the total amount of thiopental used in an
entire WBH-RHD treatment lasting several h is equivalent to the

amount used as a bolus in anesthesia induction in other systems
(37). When a thiopental infusion was administered in conjunction
with the WBH water suit system (32), 6 times more thiopental
was given than in the WBH-RHD system. Of interest, these

drugs were found to potentiate hyperthermic killing of neoplastic
cells, without significant normal cell toxicity, in 3 different murine
tumor models in the concentrations used in our clinical study
(35, 36, 38, 39).

Toxicity due to WBH has been a critical problem with other
methodologies (2). In this study (52 treatments), as well as in our
second-generation combined-modality studies described below

involving an additional 100 treatments as of April 1985, we have
not observed the toxicities commonly reported by others (I.e.,
cardiac: arrhythmia, pulmonary edema; nervous system: periph
eral neuropathy, confusion, stroke, seizure, Guillian-BarrÃ©syn

drome; gastrointestinal: protracted nausea and vomiting, pro
tracted diarrhea, hepatitis; hematological: coagulopathies; other:
electrolyte abnormalities, burns, pressure sores, infection) (2).

Although transient elevations of LDH and SGOT (which peaked
at 24 h) occurred in some Group C (41.8Â°C) patients, we

observed no clinical symptoms of hepatitis. Serum alkaline phos-

phatase and bilirubin remained in a normal range. Lees ef al. (32)
have suggested that mechanical ventilation may contribute to
reduced hepatic blood and hence potentiate hepatic injury. The
avoidance of mechanical ventilation in the RHD system may
represent an advantage.

Muscle-derived CPK levels have been reported to rise for up

to 48 h in most WBH systems, but in this study, CPK elevation
was a sporadic finding. The rise in CPK observed in one patient
(No. 5) after WBH was less pronounced on subsequent treat
ments, although the treatments were at higher WBH dose levels.
The enzyme rise was not associated with clinical symptoms.
This patient had 41.8Â°CWBH therapy a year after the treatments

reported here without elevation of her CPK. This phenomenon
of decreasing release of CPK has been previously reported by
Barlogie ef al. (40).

Barlogie ef al. (40) and Parks ef al. (8) each noted a case of
rhabdomyolysis in their series, but Bull ef al. (3) saw no evidence
of myoglobinuria in their patients. Muscle damage during WBH
may, in certain cases, be due to hypophosphatemia, since se
verely reduced levels of serum PO4 have been associated with
both neurological deficits and rhabdomyolysis (41). In this regard,

the fluid compartment shifts of PO4 or Mg2+ observed in some

WBH systems (3,40,42), or increased urinary excretion of these
ions observed with other methodologies (43, 44), were not
observed in this study or our earlier porcine work (22). In consid
ering why some systems yield increased excretion of these ions,
we agree with Parks who has suggested that furosamide admin
istration may cause increased excretion of Mg2+ and P04 in the
specific setting of WBH.4 Robins and Neville (2) discuss the

phenomena of ion changes during WBH in greater detail.
From a hematological standpoint, we found no clinical signifi

cant changes after WBH. Bull ef al. (3) observed a correlation
between elevated adrenal corticotrophin hormone and WBC. We
anticipated an increase in WBC following WBH after we docu
mented increases in adrenal corticotrophin hormone levels (data
to appear elsewhere) post-WBH. However, such a WBC altera

tion was not observed. We did observe a modest drop in platelet
count only at the maximum number of thermal dose units in our
study. This was not associated with an alteration of the coagu
lation system. Similarly, Bull ef a/, did not observe thrombocyto-

penia in conjunction with the hot water suit methodology (3);
other workers, however, have demonstrated the presence of an
intravascular coagulopathy with their WBH systems (2, 12, 40,
45).

Our impression from both the literature and this Phase I study
is that the therapeutic response durations obtained with WBH
are short, e.g., 2 to 6 weeks. As presented in "Results," the

release of LDH not associated with the hepatic fraction but which
migrates with an intermediate band on isoenzyme fractionation
seems to correlate with response. In Patient 12 with prostate
cancer, the release of acid phosphatase immediately following
WBH seemed to be associated with clinical response, i.e., de
creased pain and improved performance status lasting about 4
weeks. It should be noted, however, that decreased pain and
improved performance status are poor criteria for response in
the setting of WBH. We have measured marked release of ÃŸ-

endorphins during and following WBH (data to appear else
where). This release was positively correlated with WBH dose
units and was unrelated to tumor response. Thus, improvement
in the clinical status of a patient may relate to this endocrine
perturbation.

Recognizing that 41.8Â°Cis adequate to potentiate other anti-

neoplastic therapies, i.e., drugs and radiation (34), and encour
aged by the results of this study, we have activated 4 second-
generation WBH trials. The studies combine total-body irradiation

with WBH, local radiotherapy with WBH, interferon with WBH,
and chemotherapy with WBH (34, 46, 47). These second-gen
eration studies require WBH treatments up to twice weekly with
48 h between treatments. Such scheduling has proven to be
well tolerated. Preliminary results from these trials, as well as
this Phase I study, suggest that our WBH-RHD system would

be ideally suited for prospective randomized multiinstitutional
trials.
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