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PREFACE

Hyperthermia as a safe and effective cancer treatment
modality is rapidly evolving propelled by widespread research
and clinical efforts worldwide. Presentations on Hyperthermia
experience are now commonplace at Oncology meetings, as are
congresses dedicated entirely to the intertwined interactions
between basic sciences and patient treatment that together are
forming the structure of a new medical specialty. Such was
the XII International Symposium on Clinical Hyperthermia held
in Rome, Italy, April 27 - 29, 1989.

Papers presented therein constitute the backbone of this
book. Biology research has provided data describing mechanisms
of action for the cancer cell killing and physiological effects
of Hyperthermia. Physics research has led to the development
of equipment enabling treatment of many areas of the human
body, as well as explained the limitations that still constrain
our ability to treat, especially in the areas of deep seated
tumor heating and non-invasive thermometry. The main question
that will decide the future of this modality is that of its
clinical use. To put it succinctly, what do we do with this
potentially useful tool in an everyday clinical oncological
practice...? This is the main question addressed in this book
as "Consensus on Hyperthermia for the 1990s." The book in-
cludes 28 presented papers and 25 invited chapters from some
of the leading experts in the field. Their basic mechanisms of
action were physics principles, treatment quality assurance
and especially, clinical indications. It was designed to pro-
vide a basis for the practicing oncologist for the understand-
ing of the scientific merit of the modality, as well as its
integration with practice of Radiation Therapy as well as
Medical and Surgical Oncology. If some of this is achieved,
it was worth it.

Special appreciation is extended to Dr. Betty J. Ciuchta
for the many hours invested to organize and compose this book.
Her personal sacrifice is a tremendous gain to our society
and its membership.

Haim I. Bicher M.D.
Editor for the
International Clinical
Hyperthermia Society



CONTENTS

CHAPTERS

Clinical Use of Regional Hyperthermia............ T |
H.I. Bicher and R. Wolfstein

The Basis for Hyperthermia Becoming the 4th Cancer
Treatment Modality......eiiiiiieiiierneneocenonnnnnns ..21
J. McLaren and P. Pontiggia

Local Tumor Hyperthermia in the 1990s ........ P
P. Lele

Consensus of Hyperthermia for the 1990S ......eveeeenn ceeeeead?
H. Shidnia

Micronuclei Assay-A Predictive Variable for Tumor
Response to Treatment...........o.0.. ceeecceen Y |
H. Shidnia, W. Crabtree, N. Hornback, P. Young,
M. Hartson and P. Shen

Instrumentation for Clinical Hyperthermia........ ceesencenans 57
G. VanRhoon, G. Van den Bos and J. Van der Zee

The Use of Hyperthermia in Cancer Treatment
Thermotron RF-8........ ceteeteccctsonnannnns tesececces ..79
R.U and T. Sugahara

Heat ShoCK Proteins.....cieeeeeeeeeeneeecseesoessssesscnessseadb
B. Giovanella

Biochemical and Ultrastructural Changes in the
Hyperthermic Treatment of Tumor CellS.....ceeeveeeeneenn 99
L. Marcocci and B. Mondovi

Interstitial Hyperthermia: Technical Problems and
Methodology...eeveeeeeennenns ceeeeasan e .
P. Gabriele, F. Ozzelo, V. Tseroni, E. Madon
and R. Ragona

Conductive Interstitial Hyperthermia: A New Modality
for Treatment of Intracranial Tumors............... ...129
J. Marchosky, C. Babbs, C. Moran, N. Fearnot,
J. Deford and D. Welsh

Hyperthermia for the Treatment of Brain Tumors ......... ....145
R. Page, G. Ricca and F. Dohan

vii



Hyperthermia and the Liver............ ceeeeccecessscsssasssalBb
A. Hugander

Quality Control of a Hyperthermia System............ R N §
A. Sichirollo, G. Zonca and G. Ogno

Use of Local Hyperthermia for the Treatment of
Benign Hyperplasia....cceeecsececesceccecsscocccacsosslb
A. Yerushalmi

Extracorporeally Induced Total Body Hyperthermia
for Disseminated Cancer............ . eeeesl77
S. Koga and M Maeta

Radiant Heat Systemic Hyperthermia Clinical
TrialS...eeeeceese ceeseseseennae ceteesesceseessseennes 189
H. Robbins and J. Cohen

Whole Body Hyperthermia and Intraperitoneal
Carboplatin in Residual Ovarian Cancer..........ee....197
J. Cohen and H. Robbins

Overview of Whole Body Hyperthermia Experience at
American International Hospital............ B X k
R. Sanchez, R. Levin, Y. Kim, A. Mellijor, M. Doyle,
W. Simonich and R. Williams

Hyperthermia and Chemotherapy...cecceececcecccacss cessesssess209
W. Galen
Treating Advanced Melanoma with Hyperthermia in a
Private Surgical Oncology Practice.......e.cceeeeeeess217
P. Greeff

The Role of Hyperthermic Perfusion in the Treatment
of Tumors of the Extremities......ceceeeeeeecenn. cee..223
F. Filippo, S. Carlini, F. Cavaliere, D. Giannarelli,
I.. Cavallero, F. Moscarelli, L. Aloe and R. Cavaliere

Development of an Electrical Impedance Tomography
System for Noninvasive Temperature Monitoring
of Hyperthermia Treatment...... ceccesecccnsnne cesscens .235
B. Blad, L. Bertenstam and B. Persson

The Role of Paramedical Personnel in the Field of

Clinical Hyperthermia: Past, Present, Future..........245
R. Petty
Procedures for Improving Therapeutic Gain................ ..s251

S. Osinsky, L. Bubnovskaja and A. Gusev

Biological Response to Heat....eeeeoeeosesvcocnoscnssanocseaa27l
P. Pontiggia, J. Mclaren, G. Baranzio and I. Freitas

Perspectives and Hopes for the 1990s ........ ceeeeeeeseesess293

G. Pigliucci, B. Iorio, D. Venditti, R. Fiorito,
V. Vittorini, V. Cervelli and C. Casciani

viii



PAPERS

Control of the Physical Parameters in Local
Electromagnetic Hyperthermia................ ceeesacaan 297
M. Pace, M. Bini and L. Millanta

Experimental Use of Extensive Pre-cooling of
Subcutaneous Fatty Tissue in Radiofrequency
Capacitive Heating.........ciiiiinnennnnn. Ceecececeans 305
G. Van Rhoon, J. Van der Zee, M. Brockmeyer-
Reuring, P. Kansen, A. Kuijs, A. Visser, and
H. Reinhold

Four Element Computer Controlled 432 MHZ Phased Array
Hyperthermia System.....cceeeeereeeecncesescececacenns 311
N. Uzunoglu, K. Nikita and N. Maratos

Results of Deep Body Hyperthermia with Large
Waveguide RadiatorS.....c.cieeeeecceeeccoscnsscanssasas 315
J. Van Dijk, C. Schneider, R. Van Os, L. Blank
and D. Gonzalez

Superficial and Intraurethral Applicators for
Microwave Hyperthermia............ Ceectecectscesseteanns 321
P. Debicki, E. Okoniewska, and M. Okoniewski

Tripas: A Triple Applicator System with Relocatable
"Hot Spot" at Tissue Depth......cciereeercecccacncacns 327
H. Bicher, S. Afuwape, R. Wolfstein, D Bruley and
K. Reesman

Noninvasive Measurements in Hyperthermia:
Radiometry and Previsional Thermometry.......c.cceeee. 345
G. Sannazzari, P. Gabriele and E. Mandon

Local Hyperthermia for Superficial and Moderately
Deep Tumors-Factors Affecting Response......cccceeeees 353
H. Bicher and R. Wolfstein

Ultrasound and the Blood-Brain Barrier..........c.ceeecececses 369
J. Patrick, M. Nolting, S. Goss, K. Dines,
J. Clendenon, M. Rhea and R. Heimburger

Clinical Experience with Local Hyperthermia in
Rotterdam. ......ciiiiiieeecececeoccaesososososcccacanasnss 383
J. Van der Zee, G. Van den Berg, A. Treuniet-Donker,
M. Broekmeyer-Reurink, A. Kuijs, G. Van Rhoon,
W. Van Putten and H. Reinhold

Whole Body Hyperthermia Experience in Breast Cancer at
American International Hospital.........eveeeeennnnnn. 387
R. Levin, R. Sanchez, Y. Kim, A. Mellijor,
M. Doyle, W. Simonich and R. Williams

New Clinical Aspects of Whole Body Hyperthermia............. 393
K. Eisler, R. Hipp, S. Gogler and J. Lange

Thermal Induction and Temperature Control in
the Hyperthermic Antiblastic Regional Perfusion
with Extracorporeal Circulation...........eeeeeeennn.n 399
M. Pace, A. Filomena and A. Galli



Centered Radio-frequency Hyperthermia in Solid Tumors.......405
G. Bazzocchi, F. Spadoni, M. Zambelli, A. Camporesi,
S. Bazzocchi and A. Saragon

Local Hyperthermia for Deep TUMOYS....ceeeeecesecececesescesadll
H. Bicher and R. Wolfstein

Thermoradiotherapy of Deep Seated Tumors of the Pelvis
with the APA and Sigma Applicator...........cccece....423
H. Feldman and M. Molls

Intracavitary Hyperthermia Combined with HDR
After Loading Irradiation in Vaginal Recurrences
of Cervical CarCinoOmMa....ccceeeececceseccscccscscecessd29
S. Parisi, A. Raguso, M. Portaluri, A. Maiorana
and P. Antisari

Local Microwave Hyperthermia and Benign Prostatic
Hyperplasia Induced Bladder Outlet Obstruction........433
P. Rigatti, G. Guazzoni and F. Montorsi

Thermoradiotherapy of Pelvic Tumors with the BSD 2000.......439
M. Notter, N. Schwegler and H. Burkard

Radiosensitizing Effect of Hyperthermia in Radioresistant
TUMOL S . e e ot eoeseesessssssssssssnsssssnsssssssoananseseseddd
W. Burkard, M. Notter, N. Schwegler
and H. Fritz-Niggli

Hyperthermia and Hyperglycemia in Tumor Therapy.....cce.....457
S. Osinsky, V. Protsyk, A. Gusev, L. Bubnovskaja
and A. Cheremnych

Enhancing Thermoradiotherapy Efficacy by Hyperglycemia......463
S. Yarmonenko, S. Kozin, E. Voloshina,
N. Vinskaya and G. Goldobenko

Influence of Hyperthermia on Experimental Viral
Infections in Vitro....ceeeeieeeeoeesesescsescsocenenaadqd7l
W. Panasiak, A. Oraczewska and M. Luczak

Immunotherapeutical Strategies in Cancer Patients...........477
I. Munno, C. Simone, V. Covelli, E. Jirillo and
S. Antonaci

Coley Toxins - The First Century........eeeeeeceeccceeecss..483
H. Coley-Nauts and J. McLaren

Generation of Non MHC Restricted Cytotoxic Immune
Responses: Effects of "in Vitro" Hyperthermic
Treatment. ... ..ottt iieeeeeeesesencssencossenssesnessab0l
G. Spagnoli, C. Ausiello, G. Sconocchia, C. Amici,
G. Antonelli, G. Sciortino, V. Cervelli and C. Casciani

Responses of Immune System to Hyperthermia.........c.ccc.....507
Z. Olkowski and W. Jedrzejczak

Perspectives for the Combined Use of Photodynamic Therapy
and Hyperthermia in the Cancer Patient................511
I. Freitas, P. Pontiggia, G. Baronzio and J. McLaren



Assessment of Combined Thermoradiotherapy in Recurrent
Advanced Carcinoma of the Breast........cccveeeeeee...521
L. Rui-yung, L. Shi-yin and Tian-ze

Local Hyperthermia for Treatment of Advanced Prostatic

CArCiNOMA. s cvervesescsossccoscassssosanssssssccansoase o525
T. Lotti, V. Altieri, V. Mirone, N. Ottaviano and
A. Russo

An Overview of the Role of Radiation Therapy and
Hyperthermia in Treatment of Malignant
MElanNOMA. e e ovevecesocsoocassssoassosssassasssacssecsssd3l
H. Shidnia, N. Hornback, R. Shen, R. Shupe
and M. Yune

Clinical Relevance of Heat Shock Proteins.........cveeveeuenn 547
A. Delpino, E. Mattei, A. Mileo and U. Ferrini

INDEX .ttt eenveeesceoncsesososcoocsecscssssssscsscsanosscssssnnssssssdB9

xi



CLINICAL USE OF REGIONAL HYPERTHERMIA

Haim I. Bicher and Ralph S. Wolfstein

Valley Cancer Institute
14427 Chase St., Suite 204, Panorama City, CA 91402

For cancer control rates to significantly improve, fincrease
in complete local control of the primary tumor is an
important factor(1) . That distant metastasis can originate
from uncontrolled 1local tumor cells has been repeatedly
demonstrated, as in the results of adjuvant trials in breast
cancer: Post operative radiotherapy reduced the frequency of
distant metastasis equally as well as adjuvant chemotherapy.
Radiation therapy proved to be actually better in post
menopausal patients, inciuding those given tamoxifen, which
improved disease free survival in the chemotherapy group but
not in the radiotherapy group (2).

Attempts to improve local <control by giving higher
irradiation dosage are frustrated by normal tissue damage,
although achieving improved complete response (CR) rates as
reported in the RTOG Tung cancer studies,* CR with 75 Gy
were 38.6%, 60 Gy 24.7%,and 50 Gy 23.1% (3). Attempts to
gain therapeutic advantage by distinguishing tumor from
normal tissue, primarily by altering or utilizing relative
hypoxia of tumor, are ongoing (4).

Hyperthermia combined with definitive fdrradiation has
achieved a more profound therapeutic advantage, both as to
initial response and persistance of response than any other
attempts at modification of standard radiotherapy. Reported
long term results (5)in patients with multiple neck node
metastases from squamous cell carcinoma of head and neck
given 40 - 70 Gy with or without hyperthermia showed
increased CR rates from 42% to 79%, a thermal enhancement
ratio (TER) of 1.88. Persistance of CR at 2 years was 73 %
with hyperthermia vs. 33% without. Another series also
reporting results (6) in 31 patients with similar neck node

Abbreviations used: CR=Complete Response, PR=Partial
Response, NR=No response, SD=Stable
Disease

Consensus on Hyperthermia for the 1990s
Edited by H. I. Bicher ef al.
Plenum Press, New York, 1990



recurrence of head and neck cancer or chest wall recurrence
of breast cancer indicated that tumor regression of heated
lesions was more rapid than with radiotherapy alone, with at
least partial response at completion of treatment in 97% of
patients given hyperthermia versus 58% of controls.,
Recurrence rate after two year follow up was calculated to
be 0.03 per lesion at risk per 6 month interval in heated
areas vs. 0.2 in control areas receiving radiotherapy only.
In neither study (5,6) did the addition of heat <cause any
increase in early or Tlate radiation effects in normal
tissue.

Other pubTlications comparing results of hyperthermia
combined with radiotherapy with the same dose of
radiotherapy alone have also shown a TER of about 2. In
series reported from 18 institutions throughout the world
using various schedules and techniques of both hyperthermia
and irradiation for over 2000 tumors of various types and
sites, TER ranges from 1.16 to more than 6, with a mean of
1.88 (5 - 27, 97) (Table 1). Survival after treatment of
locally recurrent tumors has been shown to correlate with
sustained CR. Two to 3 years after radiotherapy alone CR
was 35%, and survival 32% while after combined treatment Cr
was 72%, and survival 67%(6,16).

TABLE 1. Complete Response To Irradiation (RT) Alone

Versus RT And Hyperthermia (HT)

Author Evaluable RT RT
Patients Alone And HT
Arcangeli (5) 163 38% 74%
Scott (6) 62 39% 87%
U (7) 14 14% 86%
Kim (8,9) 238 39% 72%
Overgaard (10) 101 39%. 62%
Corry 11) 33 0 62%
Hiraoka (12) 33 25% 71%
L1 (13) 124 29% 54%
Hornback (14) 79 46% 72%
Shidnia (15) 185 33% 64%
Perez (16) 154 41% 69%
Van Der Zee (17) 71 5% 27%
Steeves (18) 90 31% 65%
Dunlop (19) 86 50% 60%
Goldobenko (20) 65 86% 100%
Muratkhodzhaev(21) 313 25% 63%
Lindho1m (22) 85 25% 46%
Valdagni (29) 78 36% 73%
Emami (24) 116 24% 59%
Marmor (25) 15 7% 47%
Gonzalez (26,27) 46 33% 50%
Sugimachi (97) 129 52% 80%



In other clinical studies published since 1977, the value of
hyperthermia as an adjunct to radiotherapy in the treatment

of superficial tumors has been affirmed (28 - 47).
Hyperthermia for this purpose has been considered standard
treatment since 1984. Hyperthermia has a direct cytotoxic

and microcirculation effect, as well as enhancing the effect
of irradiation, but results with hyperthermia alone are
relatively poor with resnonse rates of less than 60%
primarily PR (11,19,39-41).

Most authors have reported no increase in acute or chronic
normal tissue reaction in the radiation field with combined
treatment as compared to the in same dose of vradiotherapy
given without hyperthermia, with the exception of thermal
burns variously reported to occur in 5- 24% of treated
patients. A few have found increased skin changes with
combined treatment related to giving hyperthermia within a
few minutes of high dose per fraction radiotherapy (43-45)
or to heating normal tissue to more than 45 degrees Celsius
(46).

Table 2 analyses results summarized in Table 1 to show
results for the most commonly treated superficial tumors:
chest wall recurrence of adenocarcinoma, neck node
metastasis of squamous cell carcinoma and melanoma.

Table 2. Complete Response By Tumor Type And Site

Type - Site References Evaluable RT RT
Tumors alonn and HT
Chest Wall, 6,13,16,19,22, 227 33-67% 70-94%
Adeno (42%) (79%)
Neck Nodes, 6,20,23,42 200 22-86% 9-100%
Sag. Cell (53%) (87%)
Melanoma 5,9,15,24,26,43 575 17-57% 59-90%

37%) (68%)

Factors affecting response have been analyzed by several
groups. Tumor histology does not appear to be an important
factor; therefore hyperthermia is particularly indicated for
treatment of radioresistant tumors such as melanoma and
sarcoma. Likewise local control does not depend on tumor
site, SO0 long as adequate heating is technically
feasible (35,47). Tumor size has been shown to be a
significant factor undoubtedly related to lTimited
penetration of single applicator microwave equipment (3cm at
915 MHz, 4 cm at 300 MHz) and less homogeneous heating of
larger tumors. CR rates for larger tumors (over 4 cm
diameter) have been found to be significantly inferior
(9,12,26,42,46,47). However, for patients given full dose
radiation tumor size was not significant (23). Since tumor
size s also a negative prognostic factor in radiotherapy,
adjunct hyperthermia appears paradoxically to be relatively
more important for control of larger tumors.



Tumor response is better when radiation is increased from 20
- 30 Gy to 32 -45Gy (35,47,48,49) but not significantly
further improved with full dose irradiation in the 50 - 75
Gy range as commonly given previously unirradiated tumors
(35). Not surprisingly, response correlates with ability to
heat the tumor. Attempts to document this relationship and
in particular to establish a thermal dose based on time-
temperature isoeffect have had only moderate success.
Temperature measurement s still primitive, employing
thermometry probes inserted in tissue which adequately track
oniy a small portion of tumor and tumor bed. In ciinical
practice it is generally agreed that minimum measured tumor
temperature should remain at 42 degrees Celsius for at least
30 minutes while keeping normal skin below 45 degrees
Celsius, which is the temperature at which pain and thermal
burns occur. Considering multiple reports, minimum tumor
temperature seems to be the best predictor of response
(47,49,50).

In contrast, there is no agreement as to the optimal number
of hyperthermia sessions, with abundant contradictory
reports. Most clinics, dincluding our own (28,29,35) have
given hyperthermia twice a week, empirically based on the
well established phenomenon of thermotolerance, defined as
transient increase in resistance to a second heat
application. 1In vitro studies show decay of thermotolerance
over 30 - 72 hours (51), while in vivo data suggests
resistance of both normal and cancer tissue to a second heat
insult may persist even at 8 - 14 days (52). Thus even with
weekly treatment only the first hyperthermia session should
prove fully effective. A mitigating factor is that
thermotolorance persists longer in normal than tumor tissue
(52,53), related to partial inhibition of thermotolerance at
Tow pH(55). Tumors have low pH, further reduced by
Hyperthermia (55).

In clinical practice the influence of thermotolerance
remains unclear. Results analyzed by number and frequency of
hyperthermia treatments generally ignore other factors, such
as radiation dose and fractionation. For superficial tumors
relation of complete response rates to number of
hyperthermia have variously been reported as inverse
(56,57), wequal (12,58), direct (33,59,60) or ambiguous
(23,29,46,61)(Table 3).

For treatment of deep tumors, analysis of results from
various institutions (Table 4), one . of which did a
retrospective comparison of 2 per week versus 5 per week
treatment (61), show a clear advantage for a greater number
of hyperthermia treatment sessions (14,35,61-67)(Table 5).
Several authors have stated that thermotolerance does not
appear to be a significant factor in cancer treatment, based
on their clinical data (47, 60, 62,68).

Deep Hyperthermia has a significant effect in combination
with both radiotherapy and chemotherapy. The CR rate for
deep treatment is far less than for superficial
hyperthermia, with some dinteresting exceptions such as



Table 3
CR Rates For Superficial Hyperthermia By Thermal Dose

Author Site/ # pts/ # Treatments CR %
Type tumor wk Total
Kim (56) Melanoma 50 1 6 74
2 10 59
Alexander (57) Multiple 48 1 4 42
/4 8 21
Hiraoka (12) Multiple 40 2 2-7 50
2 8-12 53
Kapp (58) Multiple 38 1 2 68
2 6 63
Luk (33) Multiple 2 481-720min 38
2 721+min 75
Arcangeli (59) Multiple 23 1 5 64
2 10 78
Leopold (60) Sarcoma 17 1 avg.4.4 38
2 avg.7.3 100
Bicher {(29) Multiple 121 2 8 65
Bicher {(61) Multiple 154 2 10 41
5 25 55
Valdagni (23) Neck 17 2 2 85
/4 6 80
Valdagni (46) Neck 27 2 avg. 5.7 40
3 avg. 5.7 71
Table 4
Hyperthermia For Deep Tumors
Author Site # pts #tx Response
CR(%) PR(%)
Howard (63) Pelvis 20 1-7 1(5) 5(25)
Hiraoka (67) Multiple 40 4-13 6(15) 19(47)
Petrovich(64) Multiple 353 1-8 35(70) 59(17)
Shimm (65) Multiple 44 1-7 6(14) 5(11)
Storm (62) Multiple 960 (Avg.12) 85(9) 268(28)
Baker (66) Multiple 107 9-15 17(16) 56(52)
Hornback(14) IIIB Cervix 18 22-25 13(72)
Bicher (61) Multiple 29 10 5(17) 9(31)
Bicher (61) Multiple 92 25 19(21) 48(52)



Table 5

Literature Summary Results

Response vs. Number of Hyperthermia Treatments

In Deep Tumors

#Tx #Patients CR+PR(%) CR PR
1 -8 417 27 % 42 69
- 15 1136 41 % 113 35
25 110 73 % 32 48

definitive treatment of Stage IIIB cervix cancer (14) in
which CR after irradiation alone was 48% versus 72% with
combined treatment, or other deep lesions (lung, prostate,
esophagus) (61). For superficial lesions (breast, head and
neck) CR was also 71% (61). However, most series report a
relatively poor CR rate for deep tumors probably related to
the fact that most deep treatment has been for palliation in
patients with bulky metastatic disease and perhaps also that
heating to temperatures generally considered therapeutic has
been less consistently achieved than in superficial tumors.
At least 42 degrees Celsius has been obtained in 40 % (62)
to 78%(63) of deep tumors in published reports that specify
tumor temperature. Surprisingly response has not been shown
to correlate well with minimum tumor temperature for deep
tumors, CR + PR 34% at less than 42 degrees versus 38% at
more than 42 degrees (64), and 69% under 43 degrees versus
53% over 43 degrees (67).

Regional deep treatment using magnetic induction
(Magnetrode, Henry Medical Electronics, Los Angeles, CA.)
(62) or Annular Phased Array (BSD Medical Corporation, Salt
Lake City, UT) (64) has been associated with poor patient
tolerance and compliance. Significant reaction (pain or
systemic stress) occurs in 45% of patients treated with the
currently most commonly used equipment (64). Local deep
treatment using parallel opposed 300 MHz external
applicators (POPAS, HBCI, Panorama City, CA) (61) has in
contrast been quite well tolerated, with moderate
perspiration but otherwise not different from superficial
treatment.

Based on their gratifying clinical data, several authors
have stated that hyperthermia treatment of deep tumors
should no longer be considered investigational (61,62).

Investigation of the timing of hyperthermia and irradiation
fraction indicates significant synergy at a separation of up
to four hours or more{10). Although in vivo studies show
maximal interaction with simultaneous treatment, two authors



have reported clinical studies comparing hyperthermia within
30 minutes of irradiation versus delay of 3-4 hours, with
improved therapeutic gain using the latter regimen (43,45).
While most groups have given hyperthermia following the
radiation fraction , results using the reverse sequence have
been similar (11,37,56).

The interaction of heat and chemotherapeutic agents has been
extensively studied in vivo (69,70), since Hahn reported in
1975 that commonly used drugs show increased cell killing at
increased temperatures (71). Such dinteraction 1is quite
complex, however. Various mechanisms of action have been
identified. Timing can be critical but differs with the
agent; for instance Adriamycin and Actinomycin cytotoxicity
is either inhibited or enhanced depending on when heat is
applied.

The groups that compared chemotherapy alone with the same
dose of the same drugs plus local or regional hyperthermia
(72-75) all found significant increase in tumor response
using combination treatment. No studies comparing
hyperthermia alone with thermochemotherapy have been
reported, and the benefit of adding chemotherapy to the
hyperthermia regimen has not been established. The few
reports including results in patients treated with
hyperthermia combined with chemotherapy show fairly good
tumor response rates but less than with hyperthermia and Tow
dose irradiation and not clearly synergistic (60,62,76-84).
Results in patients who had previously failed the same "
chemotherapy given without hyperthermia were equivalent to
those who had not (62). Addition of immunostimulative agents
to thermochemotherapy significantly increased survival (79).

Interstitial hyperthermia, employing the same implant
techniques well established for endocurietherapy, has
achieved higher and more uniform tumor temperatures as well
as better response rates, particulary CR, than external
(37,85) or intracavitary heating techniques (84). The
limited published <clinical experience wusing finterstitial
hyperthermia, all combined with endocurietherapy given to a
total dose of 20 - 60 Gy, 1is summarized in Table 6 (37,85-
92). Al11 authors using interstitial hyperthermia combined
with endocurietherapy agree that successful results depend
on heating of the entire tumor to a minimum of 42 degrees
Celsius with adequate 1implant geometry to include the
complete tumor volume. Complications related to tumor
necrosis occurred in 21% to 38 % of treatments, similar to
endocurietherapy alone. Therapeutic advantage of combined
treatment is suggested 1in comparison with historical
controls (86), but no significant improvement over
endocurietherapy alone has been claimed.

Preliminary results of hyperthermia for brain tumors are
quite promising, safe, with palliation and surprising
prolongation of survival. Three groups have used various
techniques of interstitial hyperthermia alone in a total of
38 patients (93-95), while two have used external
hyperthermia in 29 patients either alone (96) or with
chemotherapy (97).



Analysis of hyperthermia treatment results for deep seated
tumors from published data that specify site specific tumor
response is shown in Tables 7,8 and 9. Tumor response rates
range from 36% in the abdomen to 52% in the pelvis, but
there is much wider variation among various ‘institutions
treating the same area, 18% to 71 % in the abdomen. One
significant variable factor appears to be tachnique. In both
chest and pelvis response rates have been better with
intracavitary than external treatment (99, 74, 105 - 107),
as also shown by Bicher (85), who found CR + PR 89% with
interstitial, 87% with intracavitary, and 56% with external
hyperthermia. In more recent reports, however, Bicher
(61,98) has reported 78% Cr + PR in the pelvis and 74% in
the chest wusing external treatment, most patients given
daily hyperthermia for five weeks.

Table 6

Interstitial Hyperthermia Tumor Response

Author # treated CR

O0leson (37) 52 38%
Puthawala (86) 43 86%
Cosset (87) 23 83%
Emami (88) 48 52%
Bicher (89) 9 78%
Surmit (90) 12 48%
Vora (91) 16 68%
Lam (92) 31 61%

The vast majority of hyperthermia treatment has been for
previous treatment failure or metastatic disease. The few
reports of primary external treatment for locally advanced
cancer are quite promising, with complete Tocal control in
the 70% - 80 % range for both superficial Jlesions, as
previously mentioned, and for deep seated primaries of
cervix (14) and lung (67,98). For pancreatic primaries
complete <control is rare, but significant tumor regression
with prolonged survival has been achieved by hyperthermia
combined with radiotherapy or chemotherapy (79,101).



Table 7

Hyperthermia For Intrathoracic Tumors

Authors Site Technique # CR PR SD CR+PR
Bicher (98) Al External 39 10 19 4 74
Storm (62) Lung External 147 9 38 57 32%
Baker (66) Al External 10 0 7 NS 70%
Sugimachi (99) Esoph Intracav 25 6 14 NS 80%
Petrovich (100) A11 External 19 2 4 7 32%
TotaL 7 200 459
Table 8
Hyperthermia For Abdominal Tumors
Authors Site # CR PR SD CR+PR
Bicher (101) Pancreas 14 1 9 2 71%
Liver 36 4 13 8 47%
Petrovich {100) Liver 28 1 12 8 46%
Other 62 2 30 8 64%
Storm (62) Liver 304 8 51 117 19%
Other 156 9 51 44 38%
Baker (66) Liver 14 0 9 NS 64%
Other 17 0 5 NS 29%
Sapozink (102) ATl 28 0 5 NS 18%
Moffat (78) Liver 215 0 106 18 49%
TOTAL 874 36%



Table 9

Hyperthermia For Pelvic Tumors

Authors Site Technique # CR PR SD CR+PR
Bicher (61) Al External 329 16 5 78%
Petrovich(100) Al External 55 4 33 13 67%
Storm (62) A External 156 17 60 56  49%
Baker (66) A External 28 1 19 NS 7%
Sapozink (103) A1 External 39 5 14 NS 49%
Howard (63) A1 External 20 1 5 6  30%
Steindorfer(104) A11 External 15 2 6 4 53%
Shimm (65) Al External 32 5 3 NS 25%
Hornback (14) Cervix External 18 13 NS NS 72%
Kubota (105) Bladder External 33 14 10 NS 73%
Szmigielski(106)Prostate Intracav 15 3 5 NS 53%
Yerushalmi(107) Prostate Intracav 32 14 13 NS 84%
Fujiwara (74) Vagina Intracav 42 6 22 10 67%
TotaL 517 Y

Stable disease is an important tumor response category, not
only because most of these patients have significant
palliation and subjective improvement, but also because many
tumors that fail to regress and are subsequently resected
are found to contain no viable cancer cells (108).

The phenomenon of abscopal response with hyperthermia
treatment has been specifically noted by two groups
(106,109). 0f 3 patients with bone metastasis who responded
to intracavitary hyperthermia for locally progressive
prostate cancer and followed at least one year, 2 showed
complete disappearance of lesions documented by bone scan
after 12 and 18 months(106). Several patients with melanoma
locally recurrent in a limb as well as metastatic showed
complete regression of all 1lesions following heated
chemotherapy perfussion of the 1imb (109), with disease free
survival at follow up for up to 15 years. Abscopal response
presumably is related to stimulation of 9immune response,
which has been demonstrated to occur after hyperthermia
treatment (109).

The future of hyperthermia in cancer treatment appears most
promising and exciting, but this has been true for years and
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progress has been frustratingly slow. Most hyperthermia is
still given at university centers. While there is a clear
need for further well designed and well conducted
prospective controlled clinical trials, hyperthermia needs
to be more widely utilized in community oncology practice.
Further research and development of hyperthermia equipment
and thermometry is also needed; but current imperfect
techniques of hyperthermia treatment provide significant
clinical benefit.

Clinical data available now, as discussed herein, have
established hyperthermia as safe and effective for tumors at
any site, even including the brain. There should be no
trepidation in using hyperthermia for treatment of any
malignant tumor. Specific indications for hyperthermia are
summarized in Table 10; but simply stated, hyperthermia is
appropriate treatment for any patient with cancer unlikely
to be adequately controlled by the other standard modalites
- radiotherapy, surgery or chemotherapy.

Table 10

Indications For Local/Regional Hyperthermia
Combined With Best Available Chemotherapy Or Irradiation

A. Local Failures Or Recurrence
1. Breast, Chest Wall, Bone (Lung Liver)
2. Head and Neck
3. Skin (Advanced Basal Cell)
4. Perineal

B. Regional Failure Or Recurrence
1. Pelvis
2. Neck
3. Mediastinum

C. Metastasis
1. Lung, Pleura
2. Liver
3. Bone (With Chemotherapy-Avoids Excessive Radiation
To Marrow)

D. Advanced Stage Primaries (III Or IV)
1. Head and Neck
2. Esophagus
3. Pelvis (Colon - Uterus - Cervix - Bladder - Prostate)
4. Pancreas
5. Stomach
6. Breast (Including Inflammatory)
7. Brain (Superficial Tumors)
S
1
2
3

pecial Histology

. Melanoma

. Sarcoma

. Adenoidcystic Carcinoma

F. Patient Refusal Of Other Modalities
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Only about 10% of our patients have previously untreated
advanced primary disease (61), yet it is for these patients
where hyperthermia <can have the greatest impact on disease
free survival. Future clinical trials will hopefully
evaluate the potential benefits of adding hyperthermia to
the treatment regimen of stage I and II malignancies. It is
not wunlikely that thermoradiotherapy will be shown to
improve disease free survival for those patients as well as
for those afflicted with more advanced disease.

Hyperthermia in the 1990's will undoubtedly become an
accepted cancer treatment modality, widely used in community
pratice, while research will continue at university and
specialized centers. The main obstacle to accomplishing
this objective is education, both of oncologists and
medical specialists, as well as the patient population,
which anxiously awaits the introduction of less toxic,
scientifically developed effective cancer therapies.
Hyperthermia has been all that, and will occupy its place in
the next decade.
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At and following the International Symposium of
Hyperthermia, sponsored by the American College of Radiology
at Baltimore in 1978, there was much optimism based upon
biological and physical data that heat as the fourth modality
for the treatment of cancer would evolve. In spite of firm
foundations for the <c¢linical wuse of heat and in spite of
extensive engineering toward the application of space age
technology to adequately heat cancer patients and with
financing from several sources many questions remain
unanswered. Many investigators previously guardedly
optimistic have gradually become disappointed and somewhat
pessimistic, and financing has tightened over the past decade.
Much of the present clinical work, due to equipment
limitations, is directed largely to more superficial cancers
most available to surgery and radiation for definitive
treatment. Many are asking "Wither hyperthermia in the
1990's?"

The discovery of fire eons ago increased the available
world's food supplies at quantum levels thereby catalyzing the
exponential growth of the world population and the available
heat was utilized at least 2000 years ago (Rawajawa) in hopes
of curing some of these by use of cautery. Hopefully
sufficient advances can be realized as we enter the final
decade of this century to fulfill this 2000 year dream. This
book has been compiled by a number of noted scholars with
expertise in the field of hyperthermia to form a consensus for
the potential advances of hyperthermia into the 1990's. Much
of the remainder of this chapter will be devoted to the
summary c¢f the fundamentals of hyperthermia as of the late
1980's so that the various authors need not repeat some of
these basic facts upon which their work and predictions are
based.
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increasing knowledge as to the specific defects of the
immunocompetence found in cancer patients hopefully a rational
application of hyperthermia to improve such patient's
immunocompetence can be developed.

TECBNIQUES OF DELIVERING HYPERTHERMIA

Many believe that cancer is basically a systemic disease and
therefore any rational treatment plan must treat the whole
body. It may be that Mother Nature's use of fever may be an
effective systemic procedure. Due to the inherent toxicity of
total body treatment (core temperature should not exceed
41.80C for the usual treatment interval), other investigators
have preferred more intense heating (at least 43.00C) in hopes
of sterilizing the 1local tumor area while stimulating a
favorable immune response to effect some systemic benefit.
Inherent in many heating systems is the fact that the borders
cannot be sharply defined and therefore local heating actually
becomes enlarged into a regional pattern which can be
beneficial since many cancers spread early in continuity.

A number of systems, many complex and expensive, have been
developed to heat patient's total body in hopes of producing a
cure. Some of the early methods were somewhat primitive and
consisted of simply emerging a patient's body into a heated
tub of paraffin (later an investigator who experienced a
leakage of paraffin onto two laboratory floors substituted
water) with only the head emerged. Frequently the patient
needed to inspire heated gases to obtain adequate
temperatures. Earlier (1935) Warren, heating systemically by
enclosing the body in a cabinet with carbon filament lamps and
radiofrequency diathermy, was able to reach temperatures of
410C to 430C with evidence of tumor regression and relief of
symptoms. Tested for systemic heating has been all types of
environments which can be temperature controlled such as iron
lungs, space suits, blankets, and more recently, infra-red
chambers (discussed by Dr. Robins in a later chapter). Some
have used space age technology to control the body core
temperature within a tenth of a degree Celsius by
extracorporal perfusion in which the patient's blood is heated
and then returned to maintain a desired temperature (Dr. Koga
discusses this technique in a later chapter). Extensive data
8,9,10 has been collected showing enhanced responses when heat
is added to perfused cytostatics into extremities with
malignancies. Some investigators, knowing that if sufficient
wattage is wrapped about the patient, the body's mechanism for
dissipating heat can be overcome and the patient can be
maintained safely in a state of therapeutic hyperthermia with
conventional hyperthermia equipment more frequently used for
regional heating. An equal effect may Dbe obtained if a
somewhat lower temperatures are maintained for a longer period
of time. Hence, a number of investigators have recommended
that the core temperature be reduced to less toxic levels but
maintained for hours.

Various forms of electronic equipment have been used in

attempts to heat tumors at some depth. These include
radiofrequency, microwave and ultrasonic modalities. Coupling
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techniques must be employed so as to optimize delivery of
their energies into the body. They all also suffer from the
fact that absorption differs amongst various tissues, thus,
the heating pattern at the depth of the tumor may be quite
inhomogeneous. So as to adequately heat tumors at a depth at
which tumors are frequently found (at or beyond eight
centimeters) attempts are being made to utilize microwaves at
lower frequencies (there is a greater penetrability at lower
frequencies) with specially designed antennae with multiple
fields so as to focus heat at depth with well defined borders.
As these portals of entry become greater in size and as heat
diffuses laterally it is better to define such heating
patterns as regional and not local.

Unfortunately, all anticancer agents demonstrate toxicity
against the surrounding normal cells as well as the target
malignant cells., So as to maximize these toxic effects to the
malignancy efforts have been made to confine the heat to the
volume of the tumor similar to what has been done for decades
in the use of radioactive sources (brachytherapy). This may
be done in quite a similar manner by the insertion of an
antenna or electrodegs instead of radioactive sources and
heating these with proper instrumentation with either
microwave or radiofrequency electromagnetic radiations.
Another interesting technique is the entrapment or injections
of magnetic compounds into the area of the tumor which can be
heated by external sources. By choosing the proper compounds
which lose their magnetic properties abruptly at a given
temperature (Curie Point) a method for adequate controlling
temperatures may be developed.11,12

There are advantages and disadvantages to each of the
techniques and methods discussed above. Unfortunately, none
are optimum, all have inherent deficiencies because Mother
Nature has been cruel with reference to the physics of
depositing energy at any depth into the body. Furthermore, in
order to monitor these patients quality assurance must include
temperature measurements, not merely at one point but at
multiple points because of the evidence that responses may
depend upon the minimum temperature obtained (Oleson).13
Efforts have been successful in the development of
instrumentation permitting use of small catheters which
measure multiple temperatures along their axis. However,
these all require minor surgical procedure for their insertion
which is time consuming and not particularly comfortable to
the patient. This 1is particularly true when the patient is
reminded that this is merely for monitoring purposes and not a
treatment procedure. In spite of exhaustive attempts to
develop a non-invasive thermometry system none have proven to
be practical or sufficiently accurate. If the temperature
gradient of a heating unit could be sufficiently tight, i.e.,
a rapid fall off of temperature outside the defined beams of
the modality being wused then possibly sufficient cytotoxic
temperatures could be delivered within the tumor vclume with
relatively nontoxic levels short distances from the tumor into
normal tissue such that thermometry would not be as necessary
as it is with today's 1limited technology. Such technigue
could incorporate also the deposition of energy sufficiently
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rapid, that the normal conduction of heat wculd not result in
over-heating of neighboring normal tissues.

TUMOR VASCULARITY

To be discussed later are the biological differences in
the micro environment of the tumor cells from that of normal
cells, i.e., increased acidity and nutritional deprivation,
etc., which render them more sensitive to temperature
increments which may be due in part to the differences in
vascularity with tumors as compared to the surrounding normal
tissues. Westermark was an early investigator to conclude
that the thermoregulation within tumors was deficient based
upon his heating of rodent tumors with radiofrequency units to
450C-500C which produced marked regression of the tumors
without damage to the surrounding tissues. Subsequently,
numerous investigators using a diversity of technigues and
compounds, i.e., dyes, radioisotopes, etc., have shown blood
flow and perfusion within tumor tissues to be significantly
less (2-15%) of that in the surrounding normal tissues,
therefore, tissue efflux heat 1less well and act as heat
sinks.14,15 i}

Such differences may be explained by the neovascularity
of tumors which differ markedly from that of normal tissues
and in many cases permit the differential diagnosis of normal
tissues from malignant tissues on the basis of angiographic
studies. Although upon such studies tumors appear quite
vascular and at surgery bleed profusely, the architecture is
such that metabolic compounds and heat are poorly cleared from
such areas. Tumor growth wusually lags behind that of the
proliferating neovascularity which forms under the influence
of tumor angiogenesis factor. Adjacent venules of the host
become hyperemic and dilated. As small buds develop into
small branches forming collectively a tumor capillary network.
Tumors accelerate their growth only when such networks are
sufficiently mature to permit blood flow. The vessels in such
neovascularity angle sharply with much twisting and bending
with irregular areas of constrictions and dilatations. These
drain into numerous tortuous sinusoids and patchy areas of
dilatation 1leading to further stasis. Frequently such
capillaries are 1longer, wider and with ¢greater distances
between capillaries than that of the normal tissues. Such
structural differences are important since oxygen can diffuse
only approximately 150 micron from a capillary; as a result
anaerobic metabolic pathways become more prominent in tumor
cells at greater distances from capillaries, and also explains
the observation of Thomlinson and Grayl6 that for the human
bronchogenic carcinoma cores of tumor whose diameters exceeded
200 micron contained central areas of necrosis. Clinically
macroscopic necrosis 1is observed and 99% of the cells are
hypoxic in tumors over two centimeters in diameter. At the
normal usual venous pressure of oxygen of 40 mm of mercury,
the diffusion length of oxygen is less than 100 micron. With
increasing tumor growth the length and degree of dilatation of
such capillaries increases disproportionately resulting in
further stasis of blood at times the extravascular pressure
may exceed the artericlar pressures. As a resultl7,18 with
increasing tumor weight the blood flow gradually decreases.
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Such vessels do not respond to adrenalin, histamine or
acetylcholine Natadze,19 while unfortunately attempts to use
such physiological differences for clinical advantage have not
been successful.

Most tumors may show an increase in blood supply at
temperature elevation to 400C-410oC but at higher temperatures
blood flow tends to decrease and with further increases there
is collapse of the micro circulation enhancing the temperature
differentials of tumors vs normal tissues.

There are indications that these poorly formed immature
vascular beds are more sensitive to heat than are the normal
vascularity. (Sugaar and LeVeen20) found in human lung tumors
following hyperthermia with radiofrequency hyperthermia for
one day a reduced flood flow in the capillaries of the tumor
and dilatation of the efferent wvessels. These changes
progressed to showing degenerative changes with marked
fibrinoid necrosis within their walls and many were
functionally and anatomically destroyed. Such necrotic
vessels were found to be infiltrated with small lymphocytes
suggesting that in part the effects of hyperthermia is due to
the actions of T-lymphocytes. With more intense heating (450C
or greater for 15-30 minutes with radiofrequency) Storm, et
al,21 demonstrated more severe damage of coagulation necrosis
and vascular thrombosis two weeks following five courses of
such hyperthermia.

The erratic and often chaotic vascular patterns of tumor
results not only in poor diffusion of nutrients but also of
heat exchange. The small but proven temperature increments
relative to the surrounding normal structures combined with

the increased thermosensitivity due to nutritional
deprivation makes hyperthermia an enticing and viable
treatment modality. Its synergistic enhancement of the
response rates of tumor cells to both radiation and
chemotherapy are well documented. Whether or not any

therapeutic gain results from such adjuvant combinations will
depend upon whether or not the associated increased blood flow
within the surrounding normal tissue undergoing hyperthermia
gives sufficient increased oxygenation resulting in increased
radiation damage, or if due to the increased blood flow and
vascular permeability the concentraticn of drugs become
greater in normal tissues. In either case the addition of
heat may have a negative impact.

RATIONALE FOR HYPERTHERMIA TREATMENT OF CANCER PATIENTS

Lambert22 may have been the first to observe a
differential cytotoxicity to heat between normal cells and
tumor cells. If heat 1is to be an effective anticancerous
treatment modality, like all other agents, it must exhibit
acceptable toxicity to normal tissues while sufficiently toxic
to tumors to cause their regression. Westermark5
demonstrated this differential in 1927 when heating rats with
diathermy and found that the normal tissues were not damaged
when adjacent tumors were heated for 180 minutes at 440oC or 90
minutes at 45C producing tumor necrosis. Subsequently many
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workers23-32 using tissue culture or animal models have been
able to confirm this. Interestingly, Crile33 found that
tumors implanted in mice excised immediately after heating
grew in recipient animals upon transplantation but those so
transplanted four hours after heating did not grow-
suggesting an antitumor immune effect. Later Cavaliere
demonstrated the same phenomena clinically in his osteosarcoma
patients. Those whose amputation was delayed for one month
had less metastases. Crile also 1later demonstrated several
caveats of hyperthermia in that he noted when tumors were
preheated they were 1less sensitive to further heating
(thermotolerance) and the tumors could be made more sensitive
by clarping the blood supply to the tumor. In Overgaard's
work as well as others a relationship was noted between
temperature and time of exposure. They also reported
autolytic disintegration of the heat treated tumor cells with
subsequent proliferation of connected tissue and scarring,
changes not demonstrated in surrounding normal tissues.
Giovanella's work demonstrated cell lines acquiring malignant
potential either in vitro or vivo are accompanied by increased
sensitivity to heat. LeVeen noted malignant cells heated in
vitro survival depended not only upon temperature obtained but
also the time exposed to such temperature. At temperatures
between 420C and 470C exposure times sufficient to kill
sarcoma cells (inability to migrate from fragments of tissue
within a plasma clot) were found to be non-toxic under the
same conditions to mesenchymal non-tumorous cells. Stehlin,
et al,34 demonstrated that human normal melanocytes from the
uvea of the eye were less thermosensitive than human melanoma
cells. His group then demonstrated similar findings in a wide
variety of human neoplastic cells and their non-neoplastic
counterparts. These differentials in thermosensitivity are
enhanced when such tumors are growing in the host rather than
in tissue culture.35-37

Many38-40 have studied the micro environment of tumors
searching for the various factors which may account for the
enhanced thermosensitivity. Due to the resultant nutritional
deprivation from poor blood flow the thermal sensitivity of
these cells 1is further enhanced and in the hypoxic and
anaerobic environment cells have aerobic glycolysis metabolic
pathways with the formation of 1lactic acid and increased
acidity in these tissues. This lower pH is considered by many
to be an important factor in increased sensitivity. This is
based on the fact that in vitro40-43 thermosensitivity has
increased when pH is lowered. The pH is further reduced by
accumulation of acidic catabolites. von Ardenne and
associates44-45 in the early 1970's had attempted to use this
phenomena by producing hyperglycemia which stimulates
glycolysis with further production of lactic acid. It is
felt that hyperglycemia leads to a chain of events resulting
in cancer cell death through stimulating glycolysis, increased
lactic acid, decreased intercellular pH, 1lysosomal damage
which under the influence of hyperthermia releases hydrolytic
enzymes resulting in cell death. This hypothesis has been
tested for a number of years on patients. (Some results are
discussed later by Dr. Osinski).
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Recently the biological effects of heat have been
classified into cytotoxic and radiosensitizing. The
thermosensitivity of the former is enhanced by nutritional
deprivation such that these cells may be more thermolabile
than the normal adjacent environment even if there is no
temperature gradient. The cytotoxic effect also varies
markedly amongst human cells and tissues although significant
differences may not be noted between the malignant cells and
their normal counterparts. Those cells in the S-phase of the
cell cycle are more sensitive to heat. Although the cytotoxic
effect may result in minimal decrease in tumor size much of
this is due to the death of the S cells which are most
resistant to radiation, and similar differences are also true
for hypoxic cells which are more resistant to radiation;
therefore, making a combination of radiation and heat most
attractive. Cytotoxic effects of hyperthermia are independent
of any temporal relationship with radiation and it may be
dependent upon the rate of heating with temperature and time
of exposure, cell 1line, and the preheating history of the
cells. In contrast the latter type, radiosensitization, is
dependent upon the temporal relationship of combined
irradiation. Evidence that heat may impair the ability of the
cell to repair sublethal radiation damage also makes the
combination attractive. Heat alone produces immediate
responses which are short-lived and because many of the above
factors are also operative when heat is combined with
chemotherapy tri-modality studies wusing radiation and/or
chemotherapy, plus heat have been recommended.46-48

While the preceding section explains the fact that
temperature gradients exist between tumors and their
surrounding structures and that under their poor
microenvironment they may exhibit increased thermosensitivity
controversy exists as to the possible biochemical site of the
primary interaction. Much data supports the hypothesis that
damage to the <cellular membrane results in increased
permeability with the loss of normal osmo-regulatory function.
It is known that the lipid composition of membranes relates to
thermosensitivity and that cholesterol is an effective

regulator of membrane permeability. Compounds such as
polyamines49 and 1local anesthetic agents which alter the
permeability of membranes also influence cellular

thermosensitivity. The intratumoral injection of rat tumors
with procaine50 has potentiated the effects of heat and by in
vitro studies it has been demonstrated polyamines will inhibit
the development of thermoresistance within cell 1lines and
assist in their overcoming thermal tolerance. Overgaard51,52
has suggested an intracellular site with increased lysosomal
enzyme activity with electron microscopy demonstrating an
increased number of 1lysosomes within 24 hours of heating
mammary carcinomas. He suggests that increased acidity
produces further release of hydrolytic enzymes leading to cell
death. Yet the DNA extracted from bacteria following heating
is unable to repair the breakage of its normal structure
suggesting that the primary site may be more central in the
DNA. Precise localization of the primary injury which leads
to cell death will assist during the next decade in the
development of hyperthermia as a variable competitor for
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cancer management particularly if agents can be identified
which will selectively alter cellular membranes or
intracellular structures to further increase the
thermosensitivity differential between the tumor cells and
normal cells.

HEAT SHOCK PROTEINS

The human body has proven itself ingeniously adaptive at
developing protective measures against attacks by many
potentially harmful agents. Unfortunately, heat is not an
exception. Subsequent to Crile's observation in 1968 that
preheated tumors became 1less sensitive to further heating,
many others have noted thermotolerance which is thought to be
due to the body's release of heat shock proteins. Many53-59
studying a diversity of biological systems for equally
diversified purposes have found the ability of these
biological systems to develop various degrees of resistance
with increased temperatures. Development of such
thermotolerance should be differentiated from the inherited
ability to survive high temperatures, i.e., heat resistance.
While much of this work is in tissue culture or animal models,
Hahn60 has shown with the use of ultra-sound in patients with
more superficial tumors following a single heat treatment
subsequent temperatures required to produce similar responses
may be as much as 20C greater. Interestingly, Gerner, et
al,61 has shown that polyamines have the ability to overcome
such thermotolerance.

Numerous workers have demonstrated that the body in
response to the challenge of heat releases specific proteins,

"heat-shock proteins", for protection.62-66 These proteins
have been identified as having molecular weights between
68,000 and 70,000 whose functions are unclear. The

development of such heat shock proteins may be inhibited by
the use of chemotherapy.67-70 (This phenomena is discussed in
more detail subsequently by Dr. Geovanella).

Due to the fractionated pattern of radiation therapy,
hyperthermia, when added, must be integrated with a
fractionated schedule. There is considerable variation in the
kinetics and the development of thermotolerance between
different tissues and attempts to predict this tolerance
between a given tumor or normal tissue is difficult.
Apparently the degree of subsequent thermotolerance will vary
directly with the maximum of the initial heat treatment.71
To overcome this phenomena, most people recommend large time
intervals between heat sessions at least 48 hours and many,
once a week.72

COMBINED MODALITY TREATMENT - HYPERTHERMIA AND RADIATION

There are three quite rational reasons as to why the
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combination of these two agents would be beneficial:

1) Both agents are cell cycle specific - those in the S-phase
are more sensitive to heat and most resistant to radiation.

2) Hypoxic cells, which comprise the major population of many
tumors, are most sensitive to heat while quite resistant to
radiation.

3) Heat has a radiosensitizing effect possibly due to its
inhibition of the cell's ability to repair sublethal radiation
trauma.

Observations by many investigators at many Centers
throughout the world in past years showed an enhanced response
of palliation when they combined heat with x-rays.
Comparisons of the numerous clinical results reported about
the world indicate that 1local and regional hyperthermia
augments the effectiveness of tumor response over that of
radiation therapy alone even though the studies vary markedly
as to the type of hyperthermia, fractionation of radiation,
sequence in timing of the agents, and types of cancers study.

Selawry, et al,73 has estimated that tumor temperatures
obtained in much of the early work was between 38-420C and
then for short intervals of time of 10-20 minutes which is

inadequate by today's standards. Furthermore, randomized
trials have not been performed because of the difficulty of
thermometry and quality assurance. Due to the fact that

protocols usually call for minimum temperatures of 430C only
more superficial cancers can be treated due to the limitations
of present heating units. Unfortunately, one of the few
randomized trials, RTOG Study, concluded there 1is not a
significant difference with the addition of heat to radiation.
Numerous critiques of this study have been done. Analysis of
those lesions under three centimeters in diameter revealed
significant benefit by the addition of heat. Again, in spite
of the enormous amount of works comparing the combined use of
heat and radiation, much controversy persists as to whether or
not radiation should precede or follow the delivery of
hyperthermia, the doses of both agents, and the frequency of
thermotherapy. The latter is important because of the release
of heat shock proteins and the opinion by many that
development of thermotolerance which may last for several days
to as many ten days.

To determine the effectiveness of such combination
therapy, comparisons have been made of that dose of radiation
alone necessary to produce the same response as a dose of
radiation combined with heat. (TER). Overgaard using his own
work and extensive literature review has calculated such TER'S
for a number of cancers, many in the range of 1.5 and that of
melanoma approximately 2.0. This enhancement gain without
corresponding increased toxic effect upon the surrounding
normal structures one should anticipate as we go into the
1990's, particularly for certain specified melanomas, heat
will be mandatory to the adjuvant management of melanoma.
(Dr. Shidnia discusses this in more detail in a subsequent
chapter) .
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CONCLUSIONS

In the opening paragraphs of this chapter, justification
was given for some increasing pessimism and lack of funding
over the past decade concerning the potential wuse of
hyperthermia. In spite of the sound basis for this pessimism,
there are early indications that during the next decade,
opinion may again swing from its nadir to 1levels of optimism.
Work presented later in this book would warrant such optimism.

There are increasing numbers of centers investigating
heated perfusion of extremity malignancies with cytotoxics,
showing significant benefits to an escalating number of
patients. While this technique has limited applicability, it
is proving that when heat can be delivered at adequate
temperatures under controlled conditions, response rates can
be improved. Although not as convincing, there is increasing
evidence that some of the current units are heating
sufficiently to improve results.

There is some promise that technology will develop
sophistocated heating units which will heat sufficiently
rapidly with well-defined beams that target volumes can be
heated to effective temperatures without toxic temperatures to
neighboring tissues, somewhat similar to the Gamma Knife or
Radiation Surgery.

Of more potential is the possibility that the parallel
studies of the biological effects of heat upon the immune
system and the exponential increase of our knowledge
concerning specifics of the complex immuno-compentence system
will result in the marriage of these two modalities which
together will be a very effective fourth modality in the
1990's. Current clinical trials may prove the impressions of
our former colleagues that multiple bacterial toxins are
effective, economical, and relatively non-"toxic" to normal
tissues.

With the increasing convincing evidence to be gained by
combining hyperthermia with chemotherapy, we can anticipate
greater interest in this combined modality during the next
decade, hopefully with meaningful statistics at the end of the
decade. Also, for the same reasons, well-designed protocols
for tri-modality therapies will become more widely employed.

In view of the proven potential benefit of heat and its
relative lack of toxic effects, technology must be found for
its «c¢linical application. Possibly we can paraphrase
Hippocrates, "If cancer cannot be cured by heat in the next
decade, then it cannot be cured."
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There is compelling evidence that heat alone is tumoricidal and enhances
efficacy of radiation therapy and cytotoxicity of many drugs. However, it
is almost certain that during the next decade, heat will be used primarily
as an adjuvant to surgery, radiation and chemotherapy rather than alone as
the first line of treatment. It is also known that the threshold of
thermal damage for normal tissues is not significantly different from that
for most tumors, and there is increasing evidence that in normal tissues
as in 'tumors the damage threshold is lower for heat plus drugs and/or
radiation than for heat, drugs or radiation alone. For example, in
biopsies obtained from the normal liver tissue overlying a tumor in a
patient with localized, metastatic liver carcinoma, it was found that
whereas heat at 42°C for 20 min., before initiation of -chemotherapy with 5-
Fluorouracil, caused only dilatation and engorgement of capillaries, when
the liver was heated in presence of the drug extensive hemorrhages in the
parenchyma were observed. Similar toxicity was observed in other tissues
such as the kidney. However, it is now generally recognized that to
achieve tumor control it is the proliferative and infiltrative tumor margin
which must be heated to therapeutic temperature. Therefore to keep normal
tissue toxicity at an acceptable level, tumor bed tissues and any critical
normal tissues must remain at a lower temperature. Thus, it is important
that heating devices must heat most of the tumor, specially its edge, and
least of the normal tissue.

DEVICE EVALUATION STUDIES

With these criteria for optimal heating in mind a comparative clinical
evaluation of some of currently used heating devices was undertaken at the
Harvard-MIT Hyperthermia Center, Massachusetts Institute of Technology,
Cambridge, Mass., U.S.A. Dr. Joseph F. Simeone, Interventional Radiologist
from the Massachusetts General Hospital, Boston, Mass., placed thermometric
probes in the treatment volume under CT or Real Time Ultrasound guidance
as described below, as well as obtained biopsies. Dr. Phillip Stork,
Pathologist from Brigham & Women'’s Hospital, Boston, Mass., examined the
biopsy and autopsy materials. Approximately 60% of the 133 patients
entered into this study were direct referrals, the rest were referrals from
Departments of Radiation Medicine and Medical Oncology of the Massachusetts
General Hospital; the Dana Farber Cancer Institute and the Joint Center for
Radiation Therapy; and Boston University Medical Center. Of the
133 patients studied only 88 patients in whom 2 or more heating devices
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Fig. 1 Examples of thermometry in deep tumors. a.: Liver b.: Urinary
Bladder c.: Pelvic Chondrosarcoma
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Fig. 2 Half-plot of symmetric temperature distribution in the liver of a
patient with diffuse carcinoma due to two concurrent SIMFU beams (0.6 MHz
and 0.9 MHz). The insonation beams are shown as simple triangles, omitting
the half power focal zone width and length for clarity. Circular scan
patterns of 2.0 cm and 6.0 cm diameter, at focal plane 5.5 cm below skin

surface. Isotherms at 1° C intervals interpolated from 5 sets of
thermometric data at different relative locations of pattern with respect
to vertical catheter. Isotherm of 40.5° C is shown as a broken line;

highest temperature measured was 40.9° C at depth of 6.5 cm, 2.0 cm from
pattern centerline. Note that lower than optimal frequencies resulted in
high temperature rise below focal plane.

were compared are included in the analyses in this paper. In the initial
screening studies, as extensive thermometry as permissible was conducted.
Generally temperatures were measured at 12 to 75 or more points during each
session. Examples of the points at which temperatures were measured along
the tracks of insertion of thermometric probes are shown in
Fig. la,b, and c. In the initial device screening studies the temperature
at any of the points monitored was not allowed to exceed a subtherapeutic
temperature of 41.5°C in order to ensure safety to normal tissues and to
preclude any heat induced changes in between trials with different devices.
Most comparisons were made on the same day with the same thermometry using
non-perturbing probes specific to the heating modality. Isotherms were
plotted from steady state temperatures stored in the computer. Fig. 2
shows the heating beams superimposed on the isotherms in a case of a
cholangiocarcinoma of the 1liver. Temperatures were measured at
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65 to 70 points. Other examples are presented elsewhere (1). In previous
animal studies in vivo, where more extensive thermometry at 600 to 800
locations was performed it was found that all the tissue within an isotherm
line was heated uniformly to that temperature (2).

Table 1 presents the data on 309 device evaluations performed in
88 patients. Three to four devices were evaluated in each patient. Note
that many of the superficial tumors were overlying bone. Details on the
SIMFU and its operation are published in references 3-11. In this study,
generally, 2 or 3 insonation heads, operating at different ultrasonic
frequencies were used for heating deep and/or large tumors. The method of
use of other devices was similar to that detailed in reference 12.

The detailed data from these studies are being published elsewhere (Lele,
Goddard & Blanter, in press). The performance of different devices for
effective and safe heating as defined by ability to heat tumor, specially
its edges, to 41.5° C, without higher temperatures outside tumor volume, is
summarized in Tables 2 to 5.

In shallow tumors the performance of the devices depended on the volume
of tumor (Table 2). All of the devices tested could heat small volumes
satisfactorily. The performance of the EM Horns was considerably lower for

tumors of a moderate volume. The low score was due to inability to
localize heating to tumor, that is, inability to spare normal tissues.
With SIMFU the failures were due to pricking sensation on skin. No

complaints of pain attributable to bone-heating were noted. None of the
devices could heat large tumors effectively and safely. Magnatherm and
SIMFU were not used as they could not cover large areas.

The limitations and toxicity encountered in heating shallow tumors by
these devices are shown in Table 3. It should be pointed out that no

narcotics were administered to the patient for these studies unless they
were receiving them regularly for control of pain from their disease.

Table 1. Device Evaluations

99 Shallow 210 Deep
<3 cm >3 cm

EM Horns, Magnatherm EM Horns, AA

SIMFU Magnetrode,
SIMFU
Head & Neck 8 57
Thorax 59 43
Abdomen 30 54
Pelvis 0 45
Extremities 2 11

Thermotron was not available for evaluation.

EM Horn = Electromagnetic Radiation Antenna; Magnatherm = EM Pancake
coil; SIMFU = Scanned Intensity Modulated Focused Ultrasound;
AA = RF Annular Array; Magnetrode = Single Turn Coil
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Dose-limiting pain and systemic stress, during the heating trials were the
major factor which led to lack of success in heating the tumor to 41.5° C,
mostly in tumors 50 to 500 ml in volume. When the tumor was "successfully"
heated, the excessive normal tissue temperature represented the "biological
cost" or risk. A temperature exceeding 41.5° C in deep tissue was defined
as "excessive" in this study.

Results on heating performance, limitations and toxicity in deep tumors
are summarized in Tables 4 and 5. Only SIMFU could effectively and safely
heat tumors up to 500 ml in volume and up to a depth of 14 cm; tumors
larger than 500 ml were heated in consecutive sessions. EM Horns and
Magnetrode were effective in fewer instances. The maximum depth of heating
with these was about 7 cm. The low performance of AA is attributed to
systemic stress and excessive normal tissue temperature as presented in
Table 5.

THE FUTURE OF SIMFU

The MIT SIMFU thus does well for both deep and superficial tumdbrs and is
being adopted by a number of institutions and manufacturers. However, the
current equipment is complex and mechanically scanned, requires highly
trained operators for therapy planning, and safe and effective use of the
SIMFU. Long set up time and tedious data acquisition and display reduce
the patient throughput rate. The equipment in the future is expected to
be electronically scanned, and will have semi-real time, 3-D temperature

Table 2, Effective & Safe Heating Performance
To 41.5° C

% of Shallow Tumors

ml. <50 50 - 500 >500
EM Horns 45 24 0
Magnatherm 71 66
SIMFU 81 79

Table 3. Limitations & Toxicity (%)
Note: Multiple Toxicities in Same Patient

Shallow Tumors
E.M. Horns Magnatherm SIMFU

Dose-limiting
Pain (Skin, Bone) 33 21 10
Systemic Stress 9 0 0

Excessive Normal
Tissue Temp.
Superficial (Burns) 20 9 0.7
Deep 17 3 2

No Toxicity or
Limitation 53 76 86
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and heat dose display. "Expert Systems" capable of learning and decision
making will reduce operator training requirements. Simplified direct
coupling will reduce set up time. SIMFU yields remarkably uniform
temperature distributions right to the edge of the treatment volume, if the
conditions of its use are optimized utilizing the flexibility and
versatility of the present MIT research system. Reverification of heating
performance will be essential when the system is re-engineered and
simplified for routine clinical use.

THE FUNDAMENTAL PROBLEM IN LOCAL HYPERTHERMIA

The current thermometry involves multi-point temperature measurement
throughout the treatment area, at each session. It is a highly invasive,
high risk, time consuming and costly procedure. Sophisticated imaging
equipment and services of an interventional radiologist are required. The
need for its repetition at each session is unacceptable to most patients.
Whether, in the foreseeable future, noninvasive thermometry with required
sensitivity and spatial resolution will be practicable or will remain a
dream is, at the best uncertain. Therefore, great emphasis is laid on
thermal modeling.

Table 4. Effective & Safe Heating Performance

% of Deep Tumors

ml. <50 50-500 >500
EM Horns 8 13 18
AA 0 1 1
Magnetrode 0 13 22
SIMFU 63 75 73

Table 5. Limitations & Toxicity (%)
Note: Multiple Toxicities in Same Patient

Deep Tumors

EM
Horns AA Magnetrode SIMFU
>4 cm. >6 cm. to 15 cm.
Depth Depth Depth
Dose-limiting
Pain (Skin, Bone) 41 70 23 10
Systemic Stress 12 95 40 0
Excessive Normal
Tissue Temp.
Superficial (Burns) 22 25 5 0.7
Deep 21 86 30 2
No Toxicity or
Limitation 45 5 45 86
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However, the use of thermal modeling for prediction of tissue temperatures
during hyperthermia is totally dependent on quantification of the local
tissue blood perfusion. But blood perfusion varies from tissue to tissue,
place to place and differently at different temperatures and therefore
needs to be measured at numerous points, throughout the treatment at each
session. The procedure will be as invasive as current direct temperature
measurement, which it is hoped to replace.

A POTENTIAL SOLUTION : RAPID HYPERTHERMIA

The most attractive solution to these problems is "Rapid" hyperthermia.
The concept of Rapid Hyperthermia is that a heat dose biologically
equivalent to that in current practice is delivered in a time span too
short for significant heat transport. Fig. 3 shows the Iso-Dose Plot for
heat induced histological damage to mammalian tissue in vivo. Note that
a dose equivalent to 30 min. at 42.5° C can be delivered in a couple of
seconds (time too short for significant heat transport) at about 57° C.

Fig. 4 shows the temperature recorded at depth in brain of an experimental

animal in vivo, with the SIMFU in stationary mode. But note that the focal
volume is small. In "stepping, mode" the SIMFU can produce Rapid
Hyperthermia in the entire tumor under computer control by following the
3-D Tumor Outlines (Fig. 5a) or even ablate the tumor - non-invasively at
higher heat-doses. It has been coupled to a "didgnostic system" (Fig. 5b)
to keep track of any blood vessels, bone, etc. and to avoid them. Animal
studies have established its safety, and protocols for a Phase I study are
currently under development. The feasibility of Rapid Hyperthermia by
using SIMFU in a scanning mode has recently been determined in a
theoretical study (13).

TEMP -DURATION THRESHOLDS FOR
HISTOLOGICAL DAMAGE BY DEEP
LOCALIZED HEATING. MAMMALIAN BRAIN,
SPINAL CORD, LIVER, KIDNEY, SKELETAL &
CARDIAC MUSCLE, SKIN, in vivo.
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Fig. 5b Schematic diagram of the combined "Diagnostic-Therapeutic" SIMFU
system

In summary, EM techniques will continue to be used for some time because
of their ubiquity and simplicity. However, since they can produce only
regional and not local hyperthermia (6), they will be gradually replaced
by SIMFU-like approaches for production of 1localized hyperthermia,
specially in deep tumors. Local tumor hyperthermia later in the 1990’s is
likely to be based on:

1. Rapid Hyperthermia

- minimizing thermometry requirements

2. Simplified SIMFU based equipment and treatment
procedure to increase throughput rate

3. Use of expert systems to reduce personnel requirements
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CONSENSUS OF HYPERTHERMIA FOR THE 1990s

Homayoon Shidnia

Indiana University School of Medicine
Indianapolis, Indiana

Even though it is difficult to determine the first time heat or a hot
instrument was used for treatment of malignant tumors, by the year
2000 B.C., the use of cauterization for treatment of tumors was one of the
methods of therapy. Hippocrates also was aware of the effect of fever in
treatment of infectious disease, as well as malignant tumors, but it was not
until the second half of the 1800s that we have documented evidence of reso-
lution of sarcomas by hyperthermia. In 1866, Bush reported several papers
in medical literature claiming the relationship on disappearance of malig-
nant tumors. This, followed by Coley's innovative work in 1893, published
in The American Journal of Medical Science, showed impressive results of
fever on malignant tumors.

Due to lack of interest and the difficulty in achieving the high
temperatures, this work got lost in piles of medical literature. Then, in
1971, Coley's work was published by Miller and Nicholson and showed clearly
that there was an advantage in using fever in the treatment of malignant
tumors, about two to three degrees above the baseline temperature. Since
then, many centers have tried to use this modality as a radiation or chemo-
therapy sensitizer, or even an immune system stimulant, with some success.

Different methods of heat production, such as hot water, hot wax,
radio frequencies, microwave, radiant heat systems, hot air, ultrasound,
extra corporeal hyperthermia, and electrical currents, have been used. Each
method has its own deficiency and advantage. The problem of the nonthermal
effect of the microwave has not been solved yet, and due to lack of uniform
methods of heat delivery, reproduction of treatment methods and comparisons
of methods of treatment are rather difficult. Non-uniformity of heat distri-
bution, efficiency of blood circulation taking heat away from the tumor, and
poor depth of penetration of the heat makes any clinical study very diffi-
cult to obtain statistically sound conclusions.

In the past 10 to 15 years, there have been many new works done in the
field of hyperthermia; many improvements in instrumentation of thermometry;
as well as new problems of which we were not aware. There have been some
clinical studies, all of which probably should be repeated. There is some
new interest in the use of hyperthermia in benign conditions.

I believe in the 1990s, we have to look into many aspects of hyper-
thermia in the following categories:
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Instrumentation

a. We need equipment that will give uniform heat to any desired depth,
similar to ionizing radiation. This could be achieved by use of
ultrasound with different frequencies, either from a fixed source or
a moveable source.

b. Radio frequency or microwave by use of multiple applicators or move-
able applicators.

c. Combining regional or whole body hyperthermia with local hyperthermia
for more uniform heat to the area.

Thermometry

a. We need a non-invasive way of documenting the temperature across the
field and the depth of the field. This probably can be achieved by
MRI or radio frequency, or tomo-graphic system. However, better
instrumentation and uniform heat would make the problem of thermom-
etry easier. Without documented temperature or energy absorbed in
each area, no logical conclusion can be obtained.

The problem of time/temperature unit should be solved by way of animal
studies or laboratory studies to overcome this obstacle.

In laboratory fields, the value of heat shocked protein and thermal
tolerance in clinical setups should be tested. Whether or not heat
shocked protein can be used as a guide for treatment or not depends on
our work in this field.

The subject of the non-thermal affect of non-ionizing radiation should
be addressed and this problem solved.

In the field of immunology, much work should be done to find out the
effect of different temperatures on the immune system. This method
should be utilized for future treatment.

Interstitial hyperthermia probably has seen the most progress. Today,
we can say that with the help of computers, we can deliver heat to
almost any point. However, utilization of this form of treatment,
because of invasiveness, is rather limited.

In the clinic, we have to prove the number of treatments necessary to
control the tumor per week and in total. The same is true for ionizing
radiation. There are many papers contradicting each other, and this
problem should be addressed. Conductive interstitial hyperthermia is
very promising and exciting.

Predictive assays will help us to determine the effect of treatment
during the course of therapy. The use of radiation therapy and hyper-
thermia, chemotherapy and hyperthermia, radiation therapy, chemotherapy
and hyperthermia should be started with a uniform protocol, documented
tumor size, localization, temperature in different areas, and timed.
With timed temperature to each point, we should be able to make some
conclusions. The use of extracorporeal hyperthermia should be more
uniform and practiced.

There is a new interest in the field of non-oncological use of hyper-
thermia, such as in benign hypertrophic prostate and skin lesions such
as psoriasis, that should be carefully approached.



In summary, in the 1990s, I feel there are lots of exciting projects
that probably each Center and Discipline should take part in. I see that
we will use more and more hyperthermia in conjunction with radiation and
chemotherapy.
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MICRONUCLEI ASSAY - A PREDICTIVE VARIABLE FOR TUMOR RESPONSE TO TREATMENT

Homayoon Shidnia, William Crabtree, Ned Hornback,
Peter Young, Mary Hartson, Rong-Nian Shen,

Indiana University School of Medicine
Indianapolis, Indiana

ABSTRACT

Our preliminary data indicate that the formation of micronuclei (MN)
in treated tumor cells is a predictive variable for tumor response to treat-
ment. In a pilot study involving four patients who received both radiation
therapy and hyperthermia, fine needle aspirate (FNA) samples were taken and
analyzed before therapy, and after each 1000 centigray (cGy) up to 3000 cGy.
The results indicate a correlation between increasing formation of micro-
nuclei and decreasing tumor volume. All of the patients in this Study have
had their tumors under control for at least one year.

Our preliminary data demonstrated that a high level of micronuclei in
tumor cells correlates with favorable response of the tumor to treatment
with radiation and heat. The assay is easy to perform and FNA biopsy could
be done in the clinic with minimal discomfort to the patient.

INTRODUCTION

Radiation therapy, as practiced today, often controls many malignant
tumors. Those tumors, which remain refractory to standard treatment, might
respond if adequate dosages of radiation were administered.

Perhaps one of the most significant challenges in the field of radia-
tion therapy today pertains to the identification,of variables which can be
utilized to predict treatment response in tumors. It would be extremely
helpful if it were possible to predict tumor responsiveness, either before
initiation, or during the course, of radiation therapy. One promising pre-
dictive variable is the frequency of micronuclei formation in treated tumor
cells.

The technique of FNA may possibly develop into one of the most useful
methods of collecting tumor cells for many types of assays or analyses.
This technique allows the researcher to draw cell samples from practically
any area of the tumor. Thus, a pool of several FNA biopsies from the same
tumor would likely provide a better representation of the whole tumor than
a single surgical biopsy. In addition, the FNA techniquﬁ will also allow
us to study cell survival in vivo as a function of time. Establishment of
MN formation as a variable for prediction of radiation response would be a
major breakthrough in cancer treatment, especially when the assay can pro-
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vide results within a few hours, as compared to two weeks for the tumor
stem cell cloning assay.

MATERIALS AND METHOD

In a pilot study involving four patients who received both radiation
and hyperthermia, FNA samples were taken for flow cytometric analysis before
therapy was initiated and after each 1000 cGy, up to 3000 GX' The tech-
niques of FNA and MN assay have been described previously.™’

Patient No. 1

(E.L.) - A 67-year old female with diagnosis of malignant fibrous
histiocytoma, previously treated to 6000 cGy. After six months, the tumor
recurred and at that time measured 3 x 4 x 10 cm. Examination of FNA biopsy
obtained prior to therapy confirmed the histological diagnosis. Radiation
therapy was started with 200 cGy at 32 MeV electrons daily, five times a
week, concomitantly with hyperthermia at 433 MHz for one hour twice a week.
FNA was repeated 24 hours after each 1000 cGy.

Patient No. 2

(J.P.) - A 73-year o0ld male with proven diagnosis of recurrent squamous
cell carcinoma of the head and neck. He had two separate areas of involve-
ment: 4 X 4 x 4 cmand 3 x 3 x 3 cm. Examination of FNA prior to therapy
confirmed the histological diagnosis, and the patient started with 200 cGy
at 13 MeV electron beams daily, five times a week. FNA was repeated 24
hours after each 1000 cGy. The patient was also treated with hyperthermia
twice a week for one hour at 915 MHz.

Patient No. 3

(M.C.) - A 57-year old female with history of recurrent squamous cell
carcinoma of head and neck. The tumors were multiple and measured 2 cm in
diameter each. FNA prior to treatment confirmed the diagnosis and the MN
count was high (80%). The patient started with 200 cGy at 10 MeV electron
beams daily, five times a week. FNA was repeated 24 hours after each 1000
cGy. The patient also was treated with hyperthermia at 915 MHz twice a
week for one hour.

Patient No. 4

(D.M.) — A 58-year old male with diagnosis of malignant fibrous histio-
cytoma. The tumor measured 11 x 9 x 6 cm. FNA prior to treatment proved
the diagnosis, and the patient started treatment at 19 MeV electron beams
with 200 cGy daily, five times per week. FNA was repeated 24 hours after
each 1000 cGy. The patient also was treated with hyperthermia at 453 MHz
for one hour twice a week.

RESULTS

The results are shown in Figures 1A and 1B. Patient No. 1 showed cor-
relation of increasing numbers of micronuclei with decreasing tumor volume.
Patient No. 2 showed an initial decrease in the number of micronuclei fol-
lowed by an increase which correlated with a corresponding decrease in tumor
volume. By the end of the therapy, no cells could be drawn from the tissue
of this patient. On pathological examination, the tissue showed necrosis.
In Patient No. 3, it was interesting to note that the number of micronuclei
was highest (about 80%) a week prior to radiation therapy. The reason for
this initial high frequency is not known. During the treatment, the number
of micronuclei decreased with a corresponding decrease in the tumor volume.
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By the end of the therapy, the tumor had completely disappeared. This
suggests that an increasg in micronuclei prior to radiation therapy may also
predict a good response. In Patient No. 4, the number of micronuclei rose
during the treatment with a corresponding decrease in the tumor volume. By
the end of therapy, no tumor was evident, and pathological examination of
the tissue showed only necrosis. At one year follow-up, all patients are
alive with no evidence of disease.

DISCUSSION

The formation of micronuclei, as discussed by Midlander and Brock,
appears to be the result of en?aggsment in radiation-induced DNA double-
strand break formation (DSBs).™’ Accentric chromosome fragmentat%oa
seems to be respresentative of radiation damage to the chromosomes.”’

Brock and Williams studied the survival of Chinese hamster cells after
irradiation with the use of both the standard colony forming assay and the
micronuclei assay. They observed that the survival curves for the treated
cells obtained by both methods were comparable. In addition, the micro-
nuclei assay could provide quick feedback on tumor response to radiation,
which in turn, would help the physician determine if adjustments or changes
should be made in the course of therapy.

We have shown that formation of high levels of MN in tumor cells fol-
lowing radiation and heat correlates with favorable response of the tumor
to treatment. The measurement of MN in FNA samples will become a reliable
way to predict patient's response to irradiation and hyperthermia.

FIGURE 1A

FNA prior to treatment
FNA after 1000 cGy
FNA after 2000 cGy
FNA after 3000 cGy
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FIGURE 1B
FNA prior to treatment
FNA after 1000 cGy
FNA after 2000 cGy
FNA after 3000 cGy
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TNTRODUCTION

The number of institutes using hyperthermia as a
clinical treatment for cancer has grown steadily during the
last two decades. Most of the pioneering institutes which
entered the hyperthermia field before 1980 started to
perform hyperthermia treatment with instrumentation borrowed
from rehabilitation departments and their equipment
consisted often of a single microwave or radiofrequency
generator with simple applicators. Today, these institutes
use their own "in-house" developed heating systems with high
demands on technical specifications. Frequently, they use
applicator arrays to adapt the treatment area to size, depth
and location of the tumor to be heated.

The institutes approaching the hyperthermia field face
the problem of deciding whether they should develop their
own hyperthermia system or buy a commercial system. In-house
development of a hyperthermia system 1is howéver, labor
intensive, and normally it takes a long time before a
failure-proof and efficient hyperthermia system can be
built. Purchasing a commercial hyperthermia system has the
important advantage that the hyperthermia treatment can be
started within a short time base; and that most of the
technical pitfalls have already heen dealt with. However the
question as to which commercial hyperthermia system to buy
remains to be solved and the answer to this aquestion will
vary strongly from institute to institute, and is dependent
upon a number of conditions.

Generally, within a hyperthermia system, 4 separate
units can be distinguished: the applicators, the generators,
the thermometry system and the <computerized temperature
registration and power control (Fig.1l). Each unit forms an
indispensable part of the whole system and the required
specifications of each unit will depend greatly wupon the
tumor site to be heated. Therefore, for each institute
entering the field of hyperthermia the first and most
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relevance towards the clinical outcome of the hyperthermic
treatment is addressed.

TECHNICAL ASPECTS OF HYPERTHERMIC TREATMENT
APPLICATORS

Roughly, the heating devices can be divided into two
categories:
a) hyperthermia system for superficial tumors (depth < 4cm).
b) hyperthermia system for deep seated tumors (depth > 4cm).
With regard to interstitial hyperthermia systems we confine
ourselves to referring to several other manuscripts within
this book.

a) Hyperthermic treatment of superficial tumors

Analysis of a number of clinical studies (Dunlop et
al., 1986, Emami et al., 1988, Howard et al., 1987, Kapp et
al., 1988, Lindholm et all., 1987, Perez et al., 1989, Scott
et al., 1988, Shimm et al., 1988, Tsykiyama et al., 1987,
Van der Zee et all., 1987, published during the last 3 years
shows that approximately 50% (n=498) of the superficial
tumors which are treated with hyperthermia are located in
the ~chest wall, nearly 30% (n=290) in the head & neck
region, 13% (n=132) in the extremities and the remaining 7%
(n=68) in other areas of the body. Most of the reporting
institutes wused electromagnetic (EM) energy, transferred by
waveguide or microstrip patch and spiral applicators (Dunlop
et al., 1986, Kapp et al., 1988) to heat the tumors. The use
of ultrasound applicators for clinical superficial
hyperthermia 1is reported by approximately 30% of the
institutes. This is illustrated in Fiqgure 2. A more or less
similar distribution exists for hyperthermia system produced
by the various manufacturers as appears from Figure 2.

Figure 2. Distribution of various types of applicators for
superficial hyperthermia used by the institutes and produced
by *the manufacturers.
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Electromagnetic applicators

As is apparent from Figure 2 the majority of the
institutes wuse waveguide or horn applicators rather than
microstrip patch or spiral applicators to transform the EM
energy into the tumor. An example of a horn applicator is
given in Fig. 3. A small dipole is used to transmit the
energy into the horn applicator. The length (D) of the
dipole and its distance (L) to the reflecting backwall are
critical to obtain proper operating of the applicator
(Collin, 1960). The tuning stub enables the operator to tune
the applicator for achieving a minimum of reflected power.

Figure 3. a) Photograph of set of waterfilled horn
apglicators operating at 433 MHz. The aperture size is 10x10
cm

The frequencies used vary from 100 to 2450 MHz with a
clear preference for the lower frequencies that are allowed
for industrial, scientific and medical (I.S.M.)
applications. These frequencies are 915 MHz for the U.S.A.
and 434 MHz for Europe. The low weight and small size of
microstrip applicators offer an important advantage over the
bulky and rigid waveguide applicators which explains the
recent growing interest into the clinical use of this type
of applicator.
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A common characteristic of waveguides as well as of
microstrip applicators is that the penetration depth in
homogeneous muscle tissue 1is highly dependent wupon the
aperture size of the applicator. As shown in a recent review
by Hand (1987), the penetration depth for small aperture
sizes is more or less constant (2cm) for frequencies between
100 and 1000 Mhz, regardless of the type of applicator
(Table 1). Only for large apertures (size greater than 1.5-2
times the waveguide in muscle tissue) the penetration depth
equals the penetration depth of the plane wave EM-field. 1In
the latter case penetration depth can increase up to 6 cm at
the Tlower end of the frequency range. However, in

tuning

Figure 3 b) Schematic drawing of the applicator

perspective of the spatial control of the energy
distribution the aperture sizes at these 1low frequencies
will be impractical for <clinical use. Therefore, the
penetration depth of most non-invasive electromagnetic (EM)
applicators is only sufficient for hyperthermia treatment as
superficial located tumors at the chest wall and in the head
and neck region. Furthermore, it means that the tumor
extension must be not deeper than 4 cm , otherwise the tumor
can not be heated adequately by using these applicators.

Other common characteristics of waveguides as well as
of microstrip applicators are the small effective treatment
area compared to the aperture size, and the need of a
waterbolus in front of the aperture. This waterbolus 1is
meant in the first place to reduce the high intensities
which exist in the region of the nearby field.
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Additional functions of the waterbolus are to:

- adapt the aperture of the applicator to the surface of the
treatment field

- control skin temperature to improve the homogeneity of the
temperature distribution and to prevent the occurrence of
skin burns

- reduce the electromagnetic leakage in order to obtain safe
levels of EM radiation in the treatment room.

Table 1

Penetration depth as function of frequency and
aperture size

Penetration
Depth [cm] Frequency [MHz]

Aperture size 100 200 400 700 900
[ cm x cm ]

4 x 4 1.7 1.7 1.7 1.9 2.0
8 x 8 2.8 2.8 2.8 3.1 3.3
10 x 10 3.2 3.2 3.3 3.4 3.3
15 x 15 4.7 4.2 3.6 3.1 3.1
20 x 20 5.5 4.5 3.6 3.2 3.1

In the Dr. Daniel den Hoed Cancer Center approximately
60% of the chest wall fields treated, can extend over an
area of more than 200 cm’ Such Targe treatment fields can
only be heated adequately when multiple applicators are used
simultaneously. The most important advantage of an array of
coherent radiating applicators is that the effective
treatment area approaches that of the total aperture size
(Margin and Peterson, 1989). However, no substantial
increase of penetration depth is obtained. In our experience
individual <control of the amplitude of each applicator 1is
an absolute requirement for the clinical wuse of such
applicator arrays. Whereas at present experimental and
theoretical research on applicator arrays has been performed
mainly with simple applicator geometries and equal
amplitudes to each applicator, future research is needed
under conditions like those encountered in the clinic. This
accounts especially for the effective treatment set-ups with
unegual amplitudes, non-coherent radiation and variable
shape and composition of the surface anatomy.
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Under clinical circumstances the use of the relatively
bulky and rigid wavequide applicators becomes cumbersome,
and they are difficult to adapt to the shape of the tissue
to be treated. Of great interest for the future wuse of
applicator arrays 1is the recent development of flexible
microstrip applicators (Fessenden et al., 1988, Johnson et
al., 1988). These applicators consist of a large number of
small microstrip antennas, spiral or leaky stripline, which
can render the set-up of the clinical heat treatment for
large tumor areas more reproduceable and time-effective.

UTtrasound applicators

Important physical advantages of ultrasound (Hunt,1987)

over electromagnetic heating techniques are the Tow
absorption coefficient and the short wavelength in  human
tissue. These two characteristics of ultrasound enables the
use of various applicator techniques to obtain a high
deposition of energy at depth. However, the clinical use of
ultrasound is hampered by two distinct disadvantages:
-Ultrasound energy has a high absorption in bone. This
causes high temperature in bone, which is often treatment
lTimiting.
-Large vreflections occur at the interfaces between soft
tissue and bone or air. This causes a severe complication,
or even prevents the achievement of adequate heating of
tissues beneath air cavities or bone structures.

The wultrasound system for superficial hyperthermia
commonly wuse planar ultrasound transducers with diameters
varying from lcm to 10cm. A well designed planar ultrasound
applicator will have a sufficient thick water column in
front of the transducing element. Like with the
electromagnetic applicator, the water column is wused to
match the acoustic impedance of the body to the tranducer
and to eliminate the rapidly varying contribution of the
nearby field. Secondly, the water bolus can be wused to
control the temperature of the superficial tissue layers.

Clinically, the planar ultrasound transducer offers the
same possibilities as the microwave waveguide or horn
applicators to adapt the treatment field to the size of the
tumor. The important advantage of the increased penetration
depth of ultrasound can not be exploited for tumors located
immediately above bone, such as chest wall recurrences and,
to a lesser degree, head and neck tumors.

Here, too, heating of large tissue areas can only be
obtained by wusing more complex applicator configurations.
Several ways to extend the treatment area are being
presently investigated: mechanical scanning with one or two
planar transducers, electronically scanning with a segmented
tranducer, or the wuse of a multiple transducer array
(Dickinson, 1984). By selective activation of each tranducer
within the array, the field size can be shaped to the
treatment field. The latter system is now commercially
available from several corporations.
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Table 2.

Clinical

performance of superficial

system/applicator in terms of average tumor temperature.

hyperthermia

Tumor site

Reference

Hyperthermia system/applicator

us MI Microwaves
Waveguides Spiral
air* water* static scan.
Head & Neck Shim et al., 39.9 39.1 40.9 41.5
1988 (6) (9) (22) (26)
Kapp et al., 42.2 41.8 42.6 42.0
1988 (27) (15) (53) (40)
Corry et al.,42.9 39.5
1988 (38) (3)
Chest wall Shim et al., 39.6 39.6 40.8 41.6
1988 (2) (30) (6) (25)
Kapp et al., 40.9 41.8 43.1 42.4
1988 (5) (60) (57) (280)
Corry et al.,42.9 41.4
1988 (26) (43)
Extremities Shim et al., 39.7 39.6 41.6
1988 (2) (7) (7)
Kapp et al., 42.9 40.5 42.3 42.2
1988 (6) (7) (43) (40)
Corry et al.,43.2 41.8
1988 (25) (23)
Body of table: treatment temperature achieved (oC)
(n) = number evaluations.
us = ultrasound: planar tranducers.
MI = magnetic induction systems:magnetrode, solenoidal and

coaxial pair magnetic applicators.

Microwaves: frequency range 100 - 2450 MHz;

* = coupling medium between applicator and tissue surface
is air or water.
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Clinical performance

The clinical performance of various superficial
hyperthermia applicators, expressed as the average tumor
temperature achieved by three groups participating in the
NCI Hyperthermia Equipment Evaluation Contractor's Group is
given in Table 2. The limited amount of data prohibits

definitive «conclusions but allows making some general
remarks. Generally, with electromagnetic waveguide and
microstrip (patch or spiral) applicators, as well as
ultrasound applicators, therapeutic temperature
distributions <could be obtained under clinical <conditions.
However, heating is always heterogeneous. The large

variations in temperatures obtained by groups for the other
devices at all three tumor sites seems to reflect the
differences in skill of each group to handle the
hyperthermia device in the best manner. For the extremities,
heating with ultrasound or microwaves with static or
scanning spiral applicators seems to vresult in better
temperatures. As expected, wultrasonic heating of tumor
lesions in the head and neck and chest wall area was often
limited by bone pain at the underlying ribs or mandible.
Furthermore, there is a tendency that waveguide with air as
coupling medium between the applicator and skin, do not
provide adequate heating either in the head and neck or the
chest wall area. Similarly, all other devices seem to out-
perform magnetic induction at these 3 superficial tumor
locations. A direct comparison of waveguide applicators to
microstrip applicators was reported by Kapp et al., 1988.
They found consistently better temperatures with static and
scanning microstrip applicators.

b) Deep seated tumors

The most important feature of an ideal hyperthermia
system for treatment of deep seated tumors would be its
ability to deposit the majority of the power in the
periphery of the tumor. Secondly the system should be simple
and safe, causing no systemic stress and providing good
access to the patient during treatment, preferably by not
requiring contact with the body surface. Only focused
scanned wultrasound (US) and coaxial pair magnetic (CPM)
applicators have theoretically the ability to deposit the
majority of the power in the periphery of the tumor.
However, in clinical treatments with non-homogeneous loads,
this ideal energy distribution will be difficult to obtain.

With wultrasound, reflection of waves at interfaces
between soft tissue and air or bone and high energy
absorption in bone results in 70% of the pelvis treatments
in limiting normal tissue heating and pain (Table 3). At
present extensive studies are performed by various groups to
investigating the wuse of scanning in single or multiple
trajectories with focused transducers. The dynamic scanning
algorithms are expected to improve the control of the energyv

distribution with associated reduction of pain. The scanning
US technique is especially promising for vrelatively small
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tumor lesions, where it may result in a highly selective
heating of the tumor. However, when large tumor volumes need
to be heated it may be too difficult to increase the speed
of scanning to a level at which the temperature can be kept
at a therapeutic level throughout the whole tumor. Also, due
to the large scanning area and the relative small focal

Table 3. Evaluation of various devices for deep heating.

DEVICE EVALUATIONS

AUTHOR TREATMENT INTOLERANCE TEMP.
#DE PAIN DISC NT BLAD NONE %SESSIONS
4T > 42
APA
Shimm et al.'88 + 20
Kapp et al. '88 108 86 10 12 19%*
Sapozink et al. AA2Q 6 2 5 0 85
'88 AA3Q 1 1 1 0 100
AA4Q 62 58 27 11 78
Pilepich et al. '88 30 24 6 68
Howard et al. '86 63 unfoc 78
Issels et al. '88 25 11 perf 68
Total 78% 24% 16% 11%
Power limiting 32% 33% 8% 13%
MI
Corry et al. '88 13 10 9 40
Sapozink et al. '88 14 13 27
Total 85%
Power limiting 74% 22% 7% 7%
us
Corry et al. '88 4 4 2 23
Kapp et al. '88 33 20 10 15
Roemer & Hynyen '89 28 13 53*x*
Total 57% 30%
Power limiting  ----- 65%----- 9%
COND
Abe et al. '86 65
Hiraoka et al. '86 60

*deep heating

**%T> 42.5

APA: BSD1000 annular phased array.

MI: *coaxial pair magnetic applicator; **Magnetrode
applicator.

US: planar ultrasound transducers.

Cond: capacitor plate applicators: Thermotron.
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volume, substantial heating of the tissue in front of the
tumor may occur. Finally, the presence of bone and air in
the vicinity of the tumor will remain, causing problems.
This problem will remain, though to a lesser extent, with
the use of focused US.

The <coaxial pair magnetic (CPM) system performs well
when applied to deep seated tumors in the thorax but,
unfortunately, heating of tumors in the pelvic area is poor
due to local pain (Corry et al., 1988). The inability to
control circulating currents around large pelvic bones
limits the wuse of this technique to eccentrally 1located
tumors.

Several other non-invasive electromagnetic (EM) devices
have been developed using either quasi-static or radiative
methods to transfer the energy to the patient. A1l of these
are unable to deposit the power selectively in the tumor.

Radiofrequency capacitive systems, with the E-field
perpendicular to the body axis, have a high power deposition
in front of the electrodes and this causes overheating or
the subcutaneous fat tissue. The preferential heating of the
fat layer may be adequately counteracted (Abe et al.,1986,
Hiraoka et al,. 1987, Kato et al., 1985) with efficient
precooling, provided that the fat layer does not exceed a
thickness of 2 cm. This apparent feature is caused by the
fact that in Western countries Japanese patients generally
have 1less subcutaneous fat than European or American
patients. Therefore the limitations of this method should be
kept well in mind.

Inductive concentric <coil devices have zero power
deposition at the <center of the patient and therefore
clinical use should be restricted to eccentric tumors.

Generally the radiative devices are expected to more
effective in obtaining deep heating, especially for patients
with more extensive layers of subcutaneous fat. These
devices generate a circumferential E-field distribution
around the patient, <characterized by electrical field lines
parallel with the body axis and, as a consequence of
interference, high power deposition at the center of the
body with minimal heating of the subcutaneous fat tissue.
The circumferential E-field produces an internal maximum.

The ability of frequencies above 50Mhz to steer the SAR
maximum and adapt the energy distribution to obtain an
optimal temperature distribution has been demonstrated
clinically and theoretically by several groups (Strohbehn et
al., 1986, Sathiaseelan, 1986, Sapozink et al., 1986).
Especially, for the treatment of eccentrically located
tumors the optimization techniques are of great value. For
centrally located pelvic tumors, high SAR gradients exists
with the tumor with maximum SAR induced in the flank and hip
region (Strohbehn et al., 1986); and here less improvement
might be expected from SAR steering. In this situation
smaller SAR gradients and better ratios of normal tissue to
tumor SAR might be expected at lower frequencies.
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Figure 4. Clinical comparison between three techniques for
deep heating using different thermal dose parameters.%T> 42:
percentage of treatments with a tumor temperature above 42
degrees C; <TD>: mean equivalent thermal dose in tumor;
TDt/TDnt: ratio of thermal dose for tumor and normal tissue;
%Tnt> 42: percentage of treatments with normal tissue
temperature above 42 degrees C. Concentric coil (cc) versus
Annular phased array 4 quadrants (aad4q); Capacitor plate
system (ccs) versus Annular phased array 4 quadrants (aadq);
and Annular phased 2 quadrants (aa2q) versus Annular phased
array 4 quadrants (aadag). After data by Sapozink (1986).
When the radius of the tissue cylinder is equal to the focal
width, for elliptical cross-section as at the lower abdomen
this leads to a choice of frequency between 20 and 100 Mhz.
Selective tumor heating <can only be obtained when tumor
blood flow is Tlow compared to that of the surrounding
normal tissue. Of the radiative devices the Annular Phased
Array (AA) of the BSD company is widly used for clinical
treatments. Direct <clinical comparison of various deep
heating systems (Fig.4) has shown that the AA is superior to
the concentric <coil (Sapozink et al., 1986), and has an
equal heating efficiency to the Thermotron R.F. capacitive
system when used for patients with a fat thickness less than
1.5cm (Egawa et al., 1988). However, in approx. 90% of the
clinical treatments local pain, general discomfort and rise
of normal tissue temperature is power limiting with this
device (Table 2).
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Several promising electromagnetic deep heating systems
are presently under investigation. The coaxial TEM
applicator (De Leeuw et al., 1987) is unique concerning its
solution for the waterbolus. With this applicator design the
patient floats within the waterbolus within the applicator.
Due to the lack of waterpressure on the skin of the patient
a better treatment tolerance is expected. The coaxial
applicator can be used over a broad freauency range and has
the possibility to adapt the axial extent of the energy
distribution. With the Ring Capacitor Plate (RCP) system
(Franconi et al., 1987, Van Rhoon et al., 1988) a
circumferential E-field distribution can be created at low
frequencies (Hiraoka et al., 1987). Like the TEM applicator
the RCP applicator has the capability to adapt the axial
extent of the energy distribution. An important advantage of
the RCP applicator is its small size which is comparable to
that of the Sigma-60 applicator.

However, the major instrumentional improvement has come
from the introduction of the BDS2000 Sigma-60 applicator
system. The enormous reduction in size and highly efficient
waterbolus device of the Sigma-60 applicator in comparison
with the APA-system is an important improvement to the
comfort of the patient. Whether the ability of this system
to control the location of the SAR maximum by steering of
the amplitude and phase of the four antenna pairs will
result in improved temperature distribution is presently the
subject of various clinical studies.

Generators

As there are only a few demands to be met by the
radiofrequency or microwave output signal, each high power
generator is suitable to use for hyperthermic treatments. No
essential difference exists between generators wused with
electromagnetic applictors or with ultrasound applicators.
The most important demand on the generator is that it must
be able to deliver high output power and withstand high
amounts of reflected power (20%) for a long duration of time
(> 8 hours). Furthermore there are a number of requirements
such as continuous power control, watchdog for reflected
power, which are met easily met by the common generator
designs. Of course each generator has to have a set of
indicators to monitor forward and reflected power,
calibrated to read the actual power delivered at the
applicator. In a recent quality assurance investigation
(Shrivastava et al., 1988) it was found that the power loss
in the transmission lines is approximately 5%.
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Figure 5. Frequency distribution of the maximum microwave
power per applicator needed during clinical treatment.
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Depending upon the application, the frequency range and
maximum power output of the generator, is chosen. For
ultrasound, the appropriate frequency range will be from 100
kHz to 10 MHz with a maximum power output of 200 W. With
electromagnetic hyperthermia systems the frequency varies
over a much larger range. With superficial heating systems
single frequency generators are dominating; 1in the U.S.A.
915 MHz and in Europe 433 MHz. In our department we found
that for 90% of the applications a maximum microwave power
output of 150 W per applicator is sufficient to heat all
tumor locations (Fig. 5). Occasionally, more than 150 W per
applicator is needed. When tumors are located in the head
and neck region, more than 150 W per applicator is
occasionally needed. For deep heating systems multiple
broad band, range 1-200 Mhz, generators with a maximum power
output of 500 W each are recommended. The interstitial
hyperthermia systems can be divided in two groups. The
system with a quasi-static behavior operate at a frequency
range of 500 kHz to 30 MHz and the radiative systems operate
from 300 MHz upto 2450 MHz. The power output per applicator
is relativly 1low and generally 10 to 25 W will be
sufficient. For optimal flexibility of power control every
applicator should be fed by its own genmerator. This holds
for all hyperthermia systems, ultrsound or electromagnetic,
deep or superficial. A minimum of 2 and 8 generators s
needed for superficial and interstitial hyperthermia system
respectively.

THERMOMETRY

Although good progress has been made with the
development of non-invasive thermometry systems, the
temperature measurement wunder <clinical <circumstances s
still fully dependent upon invasive thermometry probes. In
recent years good improvements have been obtained with
temperature sensors that do not disturb the E.M. fields.
Currently, several reliable thermometry system are available
from several companies.

The high resistive thermistor probes developed by
Bowman have the best performance on <calibration accurcy,
drift, response time, etc., but have as a severe
disadvantage, their Tlarge diameter (1.1 mm) and limited
probe length. The optical thermometry systems have been
continously improved and good progress is made with regard
to short term drift, accuracy, flexibility and probe
diameter (£ 0.8 mm for containing 4 sensor points). A common
disadvantage of the non-perturbing thermometry system s
that they are expensive. A major advantage is that the
sensor operates independent with respect to the probe
direction in vrelation to the electromagnetic field. This
always presents a problem with the commonly used
thermocouples. Additionally, methods have been developed to
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obtain accurate temperature reading with conventional
thermometry systems using the cheaper thermocouple sensors.
With these latter systems, careful placement of the probes
is necessary to reduce temperature artifacts caused by probe
heating, perturbation of the electromagnetic field or
interference on the electronic readout system.

For ultrasound, completely upperturbing probes still are
not available. However, by proper choice of the catheter and
probe material the errors in the temperature reading can be
substantially reduced and accurate thermometry is possible.
An extensive review on thermometry systems is presented in
the chapter on thermometry within this book.

Essential for the quality of the temperature
measurement is a regular testing and verification of the
specifications of the thermometry system. Therefore within
each hyperthermia department a complete set-up to perform an
accurate temperature calibration procedure should be
available. A common calibration set-up consists of a high
quality mercury in glass thermometer (20-50 degrees C, 0.05
division, calibration standard traceable) and a well stirred
waterbath with a temperature stability of + 0.05 degrees C.
Better standard (+0.005 degrees C) can be obtained when a
Gallium melting point cell is wused. The <check of the
thermometry system should be performed minimally once each
day when the system is in use; preferably before and after
each patient treatment session. Although the above procedure
provides a reliable manner to measure the temperature it
will not provide the important information on the quality of
the measured temperature distribution. Parameters with
impact on the quality of measurement are, the number of
probes, their spacing and their location. Temperatures
measured at the periphery of the tumor specifically add to
better quality of measurement.

The need of a high quality measurement of temperature
distribution is obvious: it forms the input for all "thermal
dose"-response studies. Furthermore, the result of the
hyperthermic treatment appears to be related to the minimum
temperature (Oleson et al., 1984, Arcangeli et al., 1985,
Van der Zee et al., 1986) and therefore it is essential to
obtain good information on the temperature distribution.
Therefore, clinical hyperthermic treatment should be
performed with two thermometry catheters inserted within the
tumor tissue. Such catheters consist of thin plastic tubes,
placed 1in the (tumor) tissue before treatment (Van der Zee
et al., 1987). Within each catheter the temperature must be
measured at multiple locations by multisensor probes or by
"thermal mapping". The position of each catheter should be
such that at least one temperature measuring point s
located in the tissue each beneath applicator used. At the
same time a high quality measurement of the temperature
distribution enables quantification of the quality of the
heat treatment. A simple and valuable performance parameter
may be represented by the percentage of probes which
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indicate an equivalent temperature above a certain index
temperature, e.g. ETV (Sim et al., 1984). Information on
temperature distribution <can further be used to perform
multi-institutional device evaluations. This may lead to the
choice of optional heating techniques for specific tumor
localizations.

HYPERTHERMIA STAFF

A good hyperthermia technique is only part of what we
need to perform hyperthermia well. To provide the minimal
requirements for high quality treatments, the staff of a
hyperthermia department should consist of an interactive
group of various disciplines: a physician, a physicist and a
hyperthermia technician. A summary of the qualifications
needed by the hyperthermia staff was recently published:
(Luk, 1988)

- the physician who prescribes and supervises hyperthermia
should be a licensed clinician with special training in
oncology and the basic biological and physical principles of
hyperthermia, as well as adequate experience in clinical
applications of hyperthermia. A minimum of six months of
additional training in hyperthermia

should be vreaquired to achieve the needed knowledge and
clinical proficiency.

- the physicist, who is responsible for all the physical and
quality aspects of the hyperthermia equipment, must be
trained at the level of a radiation physicist. Additional
training in thermometry, electromagnetic and thermal
treatment modeling, and the physics of ultrasound,
radiofrequency and microwaves is required, as well as a
thorough knowledge of the biological and physiological
responses of tumor and normal tissues to heat. Furthermore,
an excellent knowledge of the operation, maintenance, and
guality assurance procedures of hyperthermia treatment s
required.

- the hyperthermic technician who administers the
hyperthermia treatment should be trained in basic health
and physical sciences such as normally given to a radiation
therapy technician. Supplementary, special training in the
operation, maintenance, and quality assurance procedures of
hyperthermia equipment and <clinical application of the
hyperthermia treatment is required.

QUALITY ASSURANCE

With respect to clinical treatment each institute
active within the field of hyperthermia should realize that
good hyperthermia equipment does not gquarantee a good
hyperthermia treatment. A highly motivated and experienced
staff, together with a strict confirmation of the treatment
quality assurance and ass=assmeni (GA) gquidelines is an
absolute requirement to obtain reliable and comparable
clinical vresults of the different vpatients. A recent
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publication showed the impact of such QA problems on the
therapeutic outcome of the RTOG 81-04 study (Perez et al.,
1989). For example. a significant correlation between local
control and tumor <coverage by at least the 25% iso-SAR
contour (66% vs 17%) a significantly increased complete
response (CR) rate for the patients treated in recent series
(71%) compared with an earlier series (23%). In both series
the same radiotherapy schedule was used and the greatly
improved results reflects the progressive heating
techniques. In conclusion: constant alertness and concerted
effort of the entire clinical hyperthermia staff is an
essential prerequisite for a continuous increase of the
quality of even the "best" hyperthermic treatment to assure
an ontimal clinical outcome for the patient.
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INTRODUCTION

In response to the challenge of treating deep-seated tumors without
undue damage to surrounding normal tissues, a radiofrequency (RF)
capacitive heating system known as the Thermotron RF-8 (Yamamoto Vinyter
Co., Osaka), with its many innovative engineering remedies, was developed,
and it has enabled multi-institutional controlled clinical hyperthermia
trials targeted to major organ site neoplasms, i.e. lung cancer,
pancreatic cancer, gastric cancer, hepatocellular cancer, rectal cancer,
urinary bladder cancer, etc.

This paper is based on recent clinical data collected by a
multi-institutional investigation group in Japan. These data were
made available to the Hyperthermia Research Coordination Committee by the
investigators as a part of a collaborative research endeavor for further
communication. We herein present the clinical results which were
collected following the adjuvant therapeutic application of 8 MHz RF
capacitive hyperthermia with radiotherapy or with chemotherapy for
deep-seated tumors.

MATERIALS AND METHODS

THE HEATING DEVICE: Some limitations and possible solutions to
conventional RF capacitive heating devices are listed in Table 1.

Briefly, the RF generator has an 8 MHz self-excited oscillation
circuit with a maximum power output of 1.5 KW. RF energy is transmitted
from a generator via two coaxial cables. The RF is applied through a pair
of electrodes placed on opposite sides of the body, and power is
distributed locally or regionally through the interaction of electrical
fields produced between the parallel-opposed electrodes. The inner ring
of the gantry with the electrodes can be rotated 180 degrees to facilitate
the heating of various target sites in the body. Electrode sizes vary
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Table 1

Possible Solutions to Some of the Limitations of

Conventional RF Capacitive Heating Devices

LIMITATION
1. Difficult to heat tumors
deep in the body.
2. Electrode edge effects.
3. Excessive heating of the

subcutaneous fatty layer.

4, Electrical mismatching due to

POSSIBLE SOLUTION

Large electrodes and a special
matching system.

RF - 13.56 MHz to 8 MHz

An overlay-bolus system with
contact medium and Rogowski's
flat-plate electrodes.

A cooling system for the

skin and. subcutaneous tissues.

A self-exciting oscillator.

movement and temperature
changes in the human body.

A movable gantry with fixed
electrodes.

5. Asymmetry and poor repro-
ducibility of heating patterns.

from 6 to 30 cm in diameter. A predictable thermal-field cross section
corresponding to approximately 70% of the electrode surface is possible.
Deep-seated tumor heating depends largely upon the ratio of the diameter
of the electrodes to the thickness of the load between the two opposed
electrodes. A suitable combination of electrodes is selected according to
the size and location of the tumor. The surface of the electrode is
covered with flexible water pads and/or an overlay bolus system. A
temperature controlled saline solution, which, electrically, is nearly the
equivalent of muscle, is perfused into the water pad or overlay bolus
system so that excessive heating of the skin and subcutaneous fatty tissue
can be avoided. Also, this bolus pad, when used with sufficient contact
medium such as electrode coupling cream or gel, makes it possible to
position the electrodes to the body surface smoothly, and enables the RF
energy to be applied relatively homogeneously to uneven contours on the
body. The bolus water temperature can be adjusted to avoid overheating of
surrounding normal tissue while heating the target tumor at a therapeutic
level.

The Thermotron RF-8 has four built-in thermocouple channels for
temperature measurement. These sensors are teflon-coated probes of
copper/constantan micro-thermocouples (Type IT-18, Sensortek, New Jersey).
The thermometry system with the micro-thermocouples connected to an
automatic temperature and power feedback controller provides an accuracy
of +/- 0.2°C. The high RF wave filter is inserted into the thermometry
system which makes it possible to measure the temperature during RF
thermotherapy. Indwelling catheter sheaths (18-19 gauge) are placed into
varying depths of the tumor and adjacent normal tissues after local
anesthesia with Lidocaine, and thermocouples are inserted inside the
catheters. The temperature in the tumor and surrounding normal tissues is
monitored continuously during heating, and temperatures are shown on a
digital and computer-generated graphic monitoring display system which
includes a hard copy print-out mode. The skin surface temperature in the
heating field is alsp monitored. Full details of this system have been
described by others (1, 9, 16).

Independently reported thermal profile data by several institutional
groups using the Thermotron RF-8 capacitive hyperthermia system have shown
the efficiency of deep-target heating (1- 5, 7-10, 12-14, 16-17).

HEATING: Hyperthermia was usually applied 1-2 times a week immediately
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after radiotherapy. For those receiving thermochemotherapy protocols, the
drug was administered before or during the heating session. The aim of
hyperthermia was to heat the tumor to above 42.0°C with each session
lasting 40 to 60 minutes. Tables 8-15 show the number of heating sessions
given in each organ site tumor with radiotherapy or chemotherapy.

RADIOTHERAPY: Radiotherapy was given to patients using 6-10 MeV x-rays in
two opposing anterior-posterior fields. In some cases, a three portal or
rotational technique was used. The calibration, collimation, and beam
blocking techniques were those routinely utilized in radiation therapy.

CHEMOTHERAPY: Chemotherapy was administered by i.v. dripping injection or
by per os or suppository methods before or during heating. In those
patients with hepatocellular carcinoma involving chemoembolization,
degradable starch microspheres (DSM), Pharmacia AB, Uppsala, Sweden, were
used.

PATIENTS: Those cases with histologically-confirmed recurrent or locally
advanced malignant tumors in specific organ sites were eligible for
participation in this investigation (see tables 2 through 7).

EVALUATION: Since the majority of patients who entered into this
investigation had advanced diseases, the evaluation of treatment response
was assessed primarily on local tumor response. Tumor response criteria
were based upon the following categories: Complete Response (CR) for
complete disappearance of the tumor in the treated field; Partial Response
(PR) for a more than 50% regression of tumor volume; Minor Regression (MR)
for a 25-50% regression of tumor volume; No Change (NC) for less than 50%
reduction in tumor volume; and Progression of Disease (PD) for increase of
of tumor volume. Techniques for objective assessment included plain field
x-ray, CT, MRI, ultrasound images, and endoscopic examinations. A
performance status scoring system was also utilized: O=asymptomatic;
l1=symptomatic, ambulatory; 2=less than 50% bed-ridden; 3=more than 50%
bed-ridden; 4=100% bed-ridden.

RESULTS

Clinical results of this investigation were collected from January,
1985 to December, 1988 by seven participating institutions in Japan.
There were a total of 177 evaluable cases using a common protocol for each
visceral organ site tumor. 54% (96) of these cases received radiation
therapy plus hyperthermia, of which 5 cases were pre-operative lung
cancers and 9 cases were pre-operative rectal cancers. A total of 81
cases (46%) were in the chemotherapy plus hyperthermia group.
Thermoradiotherapy results on lung cancer, pancreatic cancer, rectal
cancer, and urinary bladder cancer are presented in tables 8, 9, 13 and 14
respectively. Thermochemotherapy results on pancreatic cancer, gastric
cancer, hepatocellular cancer, and urinary bladder cancer are presented in
tables 10, 11, 12a, 12b and 15 respectively.

LUNG CANCER: The measurement of the thermal profiles of 21 of these lung
tumors indicated that over 86% (18/21) achieved therapeutic levels of
hyperthermia, while 3 out of 21 cases attained temperatures in the range
of only 40-41°C. Patients in the radical treatment group were treated with
a radiation dose of 40-70 Gy in fraction sizes of 4 Gy, and patients in
the preoperative group were treated with a total of 30 Gy in fraction
sizes of 2.5 Gy. Table 8 indicates that the thermoradiotherapy response
showed an 80% favorable response rate which consisted of 3 CR plus 13 PR
in 20 tumors, and that there were 3 MR cases along with 1 NC. An analysis
of the favorable response rate according to histological types includes a
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TABLE 2

LUNG CANCER PATIENT CHARACTERISTICS

No. of Stage Histology Tumor Vol. Performance
Cases cm3 (mean) Status (mean)
13 IIIA Squamos cell ca:8 33-1047 1-4
(232) (2.4)
4 v Adenocarcinoma :7
3 Recur. Large cell
anaplastic ca :4
Preoperative Treatment
5 IIIA Squamous cell ca:5 120-448 1-3
(160) (1.8)
25 25
TABLE 3
PANCREATIC CANCER PATIENT CHARACTERISTICS
No. of Stage Histology Tumor Vol. Performance
Cases cm3 (mean) Status (mean)
6 III Adenocarcinoma:23 6.3-140™ 1-4
(73) (3.0)
28 Iv Unknown
primary :11
34 34
"maximum area
TABLE 4
GASTRIC CANCER PATIENT CHARACTERISTICS
No. of Stage Histology Performance
Cases Status (mean)
4 II Adenocarcinoma: 32 1-4
(3.1)
29 v Unknown
primary : 1
33 33



TABLE 5

HEPATOCELLULAR CARCINOMA PATIENT CHARACTERISTICS

Histology

No. of Stage Tumor Volume Performance
Cases cm® (mean) Status (mean)
3 II Hepatocellular:18 2.5-15.0™ 0-3 (0.5)
carcinoma (7.7)
15 III
18 18
"maximum diameter
TABLE 6
RECTAL CANCER PATIENT CHARACTERISTICS
No. of Stage Histology Tumor Volume Performance
Cases cm® (mean) Status (mean)
1 Duke A Adenocarcinoma:9 2-3
(3.0)
7 Duke B-1
1 Duke B-2
34 Recur. Adenocarcinoma: 34 48-1053 2-4
(748) (2.9)
43 43
TABLE 7
URINARY BLADDER CANCER PATIENT CHARACTERISTICS
No. of Stage Histology Tumor Vol. Performance
cases cm® (mean) Status (mean)
5 I Transitional 0.6-88.0 0-4
cell Gl:1 (32.7) (2.0)
carcinoma
6 II G2:8
8 I1I G3:14
3 v Squamous cell
carcinoma :1
2 Recur.
24 24
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total of 6 cases (1 CR plus 5 PR) out of 8 squamous cell carcinoma
(sqg.c.c.), resulting in a response rate of slightly over 75%, and a total
of 6 cases (1 CR plus 5 PR) out of 7 adenocarcinoma, producing an 85%
response rate. There were also 3 cases of large cell anaplastic carcinoma,
and the response was 1 CR and 2 PR. The remaining 5 cases with sqg.c.c.
were pre-operative protocol cases which resulted in 2 PR, 1 MR, and 2 NC.
A follow-up duration of 11-12 months was observed in 4 out of 5 cases.
With regard to the subjective complaints of these patients, a marked
reduction or the disappearance of hemophytis, cough, pain, etc. was
observed in 21 out of 25 cases (84%). A similar improvement rate of the
performance status (PS) was obtained with a minimum survival range of 2
months to a maximum 41 months to date. Concerning side effects, 7
patients experienced pain during hyperthermia session.

PANCREATIC CANCER: The measurement of the thermal profiles of tumors
located at this site showed that hyperthermic temperature levels ranging
from 40.5°C to 43.6°C were achieved in a total of 34 cases. A group of 12
patients were in the thermoradiotherapy group (Table 9), and another 22
patients were in the thermochemotherapy group (Table 10). For the
thermoradiotherapy group, radiotherapy was given with a total of 50-60 Gy
in fraction sizes of 1.8-2.0 Gy administered over 5-6 weeks.
Thermochemotherapy consisted of MMC and 5-Fu derivatives. Mitomycin Camg
were given twice a week. Uracil ftoraful,oq.soomgs ftoraful
SUpposSitory;seo-100omgs and 5-fluorouracil,sq.g Were given daily.
Thermoradiotherapy results in Table 10 showed a 33% favorable response
rate which consisted of 1 CR and 3 PR in 12 pancreatic tumors, as well as
2 MR cases and 6 NC. An analysis of thermochemotherapy results in Table
10 showed a 36% favorable response rate which consisted of 3 CR and 5 PR
in 22 pancreatic tumors, in addition to 2 MR cases and 8 NC. There were 4
cases in the PD category. A reduction of pain was noted in over 80% (28
out of 34) of the patients who had received heat in combination with
radiation or chemotherapy. An improvement of PS was noted in slightly
over 40% (14 out of 34) of the patients.

GASTRIC CANCER: The temperature was measured by inserting thermocouple
sensors via an alimentary tube. The therapeutic temperature was aimed at
42°C but the actual achieved temperature varied from 40°C to better than
43°C. However, no corresponding clinical results could be observed in
tumors at this organ site. Chemotherapy of gastric cancers involved the
same procedure as with pancreatic cancers. MMC,,  were given twice a
week. 5-fluorouracil,gg.,g, 5-Fu derivatives with uracil
ftoraful,oo-s0omg, and ftoraful suppository,so-icoomg Were administered
daily. Table 11 indicates that the thermochemotherapy response showed a
39% favorable response rate which was comprised of 3 CR plus 10 PR in 33
cases of gastric cancer, and 3 MR cases along with 13 NC.

The remaining 4 cases were in the PD category. An analysis of the
histopathological types shows that a close to 43% response rate was
achieved with 2 CR and 4 PR out of 14 tubular adenocarcinoma. Out of 11
cases of poorly differentiated adenocarcinoma, a 27% response rate was
achieved with 1 CR and 2 PR. Transient side effects included occasional
cases of reduced appetite, abdominal pain, discomfort of the abdomen,
ascites, G.I. tract bleeding, passage disturbance, nausea, vomiting,
weight loss, etc. Gradually, most of these patients achieved a marked
improvement in their quality of life. The only observed side effect
attributable to hyperthermia was fatty tissue induration in only one case.

HEPATOCELLULAR CANCER: The measurement of the thermal profiles of tumors
located in liver showed that hyperthermic temperature levels in the range
of 42°C or above were achieved. It was noticed that DSM embolization
helped boost liver tumor temperatures 1-2°C higher than the attempt with
hyperthermia alone. Chemotherapy involved the use of adriamycing,e_ gomg
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TABLE 8
LUNG CANCER THERMORADIOTHERAPY RESPONSE

No. of Radiation Heat CR PR MR NC PD CR+PR
Cases Dose (%)
20 Radical 40-70Gy 4-14™ 3 13 3 1 0 16 (80)
treatment (4Gy/frac)
5 Preoperat. 30Gy® 4-14™ 0 2 1 2 0 2 (40)
©2.5Gy/frac. “Heat was given 1-2x/week.

Relief of Symptom: 80%
Performance Status Improvement: 80%
Modified from: M. Kakehi, et al., 89

TABLE 9

PANCREATIC CANCER THERMORADIOTHERAPY RESPONSE

No. of Radiation Heat CR PR MR NC PD CR+PR
cases Dose (%)
12 50-60Gy 8-10™ 1 3 2 6 0 4(33)

(1.8-2.0Gy/frac)

“Heat was given 2x/week.
Relief of Sumptom: 90%
Performance Status Improvement: 33%
Modified from: M. Kakehi, et al., 89

TABLE 10

PANCREATIC THERMOCHEMOTHERAPY RESPONSE

No. of Drugs Heat CR PR MR NC PD CR+PR
cases Doses (%)

22 MMC 4 10™ 3 5 2 8 4 8(36)
+5=Fu
derivatives

(UFT300-600mgs FT SUPPO,s0—1000mar
5'Fuzsomg)

"Heat was given 2x/week.
Relief of Symptom: 77%
Performance Status Improvement: 45%
Modified from: M. Kakehi, et al., 89
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TABLE 11
GASTRIC CANCER THERMOCHEMOTHERAPY RESPONSE

No. of Drugs Heat CR PR MR NC PD CR+PR
Cases Doses (%)
33 MMC,.., 6-40 310 3 13 4 13(39)
+5-Fu (2x/week)
derivatives
(UFT400-600mgr FT—SUPPO5s50—100mgs
5-Fu250mg)

Relief of Symptom: 67%
Performance Status Improvement: 45%
Modified from: M. Kakehi, et al., 89

TABLE 12A

HEPATOCELLULAR CARCINOMA THERMOCHEMOTHERAPY RESPONSE

No. of Drugs Heat CR PR MR NC PD CR+PR
Cases Doses (%)
18 - ADM3o-q0mg 4-16™ 1 9 3 5 0 10(56)
using DSM
chemoembolization

“Heat was given 2x/week.
Relief of Symptom: 89%
Performance Status Improvement: NC
Modified from: M. Kakehi, et al., 89

TABLE 12B

RESPONSE RATE COMPARISON AFTER CHEMOEMBOLIZATION
OF HEPATOCELLULAR CARCINOMA WITH AND WITHOUT

HYPERTHERMIA
No. of Type of Tumor CR PR NC PD RESPONSE RATE
Cases Treatement Size % CR+PR
26 without < Tem 2 9 4 0 73%(11/15)
hyperthermia 42%(11/26)
> Tcm 0 0 11 0 0%( 0/11)
18 with < Tem 0 5 2 0 71%(5/7)
hyperthermia 56%(10/18)

>7Tem 1 4 6 O 46%(5/11)

Modified from: M.Kakehi, et al., 89



administered in three courses over four weeks. Table 12a indicates that
chemotherapy combined with DSM embolization resulted in a 55% favorable
response rate which was comprised of 1 CR plus 9 PR in 18 cases of
hepatocellular carcinoma, and 3 MR cases along with 5 NC. A reduction of
symptomatic complaints was observed in 89% (16 out of 18) of the patients.
Side effects such as fatty tissue induration with pain were observed in 2
out of 18 patients. Table 12b compares response rates while taking in
account tumor sizes, chemoembolization and whether or not hyperthermia was
used. It is apparent that the addition of hyperthermic treatment resulted
in a better tumor response rate for those tumors larger than 7cm in size.
The one year follow=-up survival rate after chemoembolization combined with
hyperthermia was 83% while the rate for patients who received the same
treatment without hyperthermia was 58%. Figure 1 represents survival
curves constructed by the Kaplan & Meier method.

RECTAL CANCER: Therapeutic temperatures in the range of 41°C to better
than 44.5°C were in fact achieved in this study. Table 13 indicates a 47%
favorable response rate which consisted of 2 CR and 14 PR in 34 recurrent
rectal tumors, with 1 MR and 14 NC. Patients in this group were treated
with 1.8-2.0 Gy daily five times per week for a total of 50-60 Gy over 5-6
weeks. 1 out of 3 patients experienced pain during the hyperthermia
treatment which disappeared at the end of treatment. Thirteen patients
have had a follow-up period of more than 3 months after the combined
treatment. A survival duration of a minimum of 3 months to a maximum of
24 months was noted. 1In addition, there were 9 preoperative cases with
thermoradiotherapy. Each patient in this subgroup was treated with a
total of 40 Gy over 4 weeks with the same daily radiation dose
fractionation routine as in recurrent tumor cases. All 9 cases have
achieved PR. An improvement of subjective symptoms such as pain, bleeding
and disturbance of defecation was noted. There have been no observable
side effects.

URINARY BLADDER CANCER: Temperature measurement in 20 patients showed
that all achieved therapeutic temperatures of 42.0°C or above. Table 14
indicates a 69% favorable response rate which consisted of 2 CR and 9 PR
in 16 transitional cell tumors, with 1 MR, 3 NC and 1 PD. Patients in
this group were treated with a total radiation dose of 40 Gy in over 5
weeks with a fraction size of 4 Gy. Chemotherapy consisted of adriamycin
somgs S-fluorouracil, g4, PRos, cisplatingg,,, and M-VAC
(methotrexate on,, vincristin,,,, adriamyecinge,.,, and
cyclophosphamide,oNQ). Table 15 indicates the results following
thermochemotherapy. A 75% favorable response rate was obtained which
consisted of 2 CR and 4 PR in a total of 8 cases, with 1 each in the MR
and NC categories. An analysis of the tumor stage and grade levels on all
urinary bladder tumor cases in this study showed the following: 82%
achieved a favorable response rate which consisted of 3 CR and 6 PR in 11
patients with T1 and T2. Of 13 patients with T3 and T4, a 61% favorable
response rate occurred which consisted of 1 CR and 7 PR. With regard to
histopathological types, there were only 3 PR out of 5 cases with a Gl
level of malignancy, and an 84% favorable response rate in 19 patients
with a G2 level, with 4 CR and 12 PR. A 50% one-year survival rate (12
out of 24 patients) following hyperthermia combined with radiation or
chemotherapy has been observed. 12 cases experienced side effects such as
fatty tissue induration, burns, pain and pollakisuria. 33%, or 8
patients, have shown an improvement of PS, and one case has shown a
deterioration of PS.

CASE ILLUSTRATION: As shown by selected patients in Figures 2 through 6,

the adjuvant use of hyperthermia with radiation therapy or chemotherapy
can offer remarkable responses with select patients.
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TABLE 13
RECTAL CANCER THERMORADIOTHERAPY RESPONSE

No. of Radiation Heat CR PR MR NC PD CR+PR
Cases Dose (%)
34 Recurrent 50~-60Gy®* 8-10™ 2 14 1 17 0 16(47)

9 Preoperative 40Gy*® 10 0 9 0 0 0 9(100)

®1.8-2.Gy/frac. “Heat was given 2x/week.
Performance Status Improvement: 89% Relief of Symptom: -
Modified from: M. Kakehi, et al., 89

TABLE 14

URINARY BLADDER CANCER THERMORADIOTHERAPY RESPONSE

No. of Radiation Heat CR PR MR NC PD CR+PR

Cases Dose (%)

16 40Gy 10™ 2 9 1 3 1 11(69)
(4Gy/frac)

“Heat was given 2x/week.
Relief of Symptom: Asymptomatic
Performance Status Improvement: NC
Modified from: M. Kakehi, et al., 89

TABLE 15
URINARY BLADDER CANCER THERMOCHEMOTHERAPY RESPONSE

No. of Drugs Heat CR PR MR NC PD CR+PR
Cases Doses (%)
8 ADM,,., 10" 2 4 1 1 o0 6(715)
plus
5-FU; 50ma enoar CDPPsong,

Miomeg=VACq,, (each combination)
“Heat was given 2x/week.
Relief of symptom: Asymptomatic
Performance Status Improvement: NC
Modified from: M. Kakehi, et al., 89



CASE NO. 1: A 40 year-old male with a hepatocellular carcinoma of 10.5 x
8.5 cm measured by CT received 16 courses of hyperthermia and 8 courses of
adriamycin 250 mg chemoembolization using DSM. A reduction in tumor size
was confirmed in angiograph. A relatively low density was observed in CT
(see Figure 2). The patient is still alive with a survival period of over
16 months since the combined treatment.

CASE NO. 2: A 74 year-old female with urinary bladder cancer (T3N2MO, TCC
Grade 3) was given 4 hyperthermia courses after chemotherapy with MVAC,
i.e., methotrexate 40 mg, vincristin 4 mg, adriamycin 40 mg, and
cyclophosphamide 70 mg. The patient has survived for over 30 months after
the initial treatment (see Figures 3 & 4) and continues to do well.

CASE NO. 3: A 76 year-old male with a recurrent rectal tumor size of 12 x
8 x 10 cm in CT measurement received 6 courses of hyperthermia with a
total radiation dose of 66 Gy. The patient achieved complete response
(CR) status, and has now been alive for 11 months following the initial
treatment (see Figures 5 & 6).

DISCUSSION

Therapeutic temperatures in the range of 41°C to better than 44°C were
achieved in the majority of deep-seated tumors investigated. This study
has demonstrated that the Thermotron RF-8 is a clinically safe and
effective hyperthermia system for the heating of tumors. Other than
tolerable pain and/or the excessive heating of fatty tissue with very
obese patients who could not be cooled adequately, the heating system
could be used without undue fear of adverse side effects.

Patient characteristics in this investigation consisted mostly of
advanced disease status, and the nature of this study precluded conducting
a concurrent study of a controlled group with radiation only or
chemotherapy only. The exception to this was the chemoembolization study
of hepatocellular carcinoma with and without hyperthermia. Response rates
obtained by conventional treatments for the above types of patients made
the justification of a randomized concurrent control group difficult.

There is ample clinical evidence showing that the adjuvant use of
hyperthermia can significantly increase tumor responses to radiation for
superficially located tumor (review papers 11, 15). Available reports on
the clinical safety and effectiveness of an 8 MHz RF capacitive heating
device known as the Thermotron have also reconfirmed such favorable tumor
responses to hyperthermia combined with radiation.

Our analysis of clinical data clearly confirms previous reports (1-5,
7-10, 12-14, 16-18) indicating the safety and effectiveness of 8 MHz RF
capacitive hyperthermia in treating different types of refractory tumors
in visceral organ sites. A significant improvement in performance status
and/or a marked reduction in subjective complaints associated with advance
diseases after combined treatment is of considerable interest.

The use of hyperthermia both locally and regionally produces no
additional adverse systemic effects in conjunction with radiotherapy or
chemotherapy. The minor side effects noted in local target heating fields
were mostly limited to transient types which soon resolved themselves.
Treatments were tolerated well by the majority of patients, all of whom
had advanced diseases. Additional details on this clinical investigation
are expected to be reported by the investigating group in the near future.
As with the development of radiotherapy, further advances in hyperthermia
technology and its techniques will surely produce increasingly superior
treatment results.
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Figure 1. Patient survival curves on hepatocellular
carcinoma following chemoembolization using DSM with
and without hyperthermia (M. Kakehi, et al., 89).

Figure 2. Angiographs and CT scans of Case No. 1 showing
the hepatocellular carcinoma response following chemo-
embolization using DSM and hyperthermia (M. Kakehi, et al., 89).



Figure 3. CT scan of Case No. 2 showiﬁg urinary
bladder cancer before therchemotherapy (M. Kakehi, et al., 89).

Figure 4. Case No. 2 after thermochemotherapy (M. Kakehi, et al., 89).

91



92

Figure 5. CT scan of Case No. 3 showing a recurrent )
rectal carcinoma, before thermoradiotherapy (M. Kakehi, et al., 89).

Figure No. 6. CT scan of Case No. 3 after thermoradiotherapy
(M. Kakehi, et al., 89).



Currently, there are several other joint clinical hyperthermia
research investigations being conducted by multi-institutional clinical
hyperthermia research groups in Japan. Unfortunately, many of these
reports in Japan are not available in English, which hinders the effective
exchange of data to colleagues outside of Japan.

CONCLUSION

In conclusion, controlled RF capacitive hyperthermia as applied
according to protocol on those anatomic regions investigated to date
reconfirms the safety of its clinical use as well as its potential
usefulness in controlling malignant tumors considered to be refractory to
conventional treatments alone. The relative flexibility and ease of using
this hyperthermia system opens up a wider applicability for hyperthermia
in cancer treatment. Therefore, the role of hyperthermia can be expected
to gain greater significance in the management of tumor control in the
1990's.
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HEAT SHOCK PROTEINS

Beppino C. Giovanella

Stehlin Foundation for Cancer Research
Houston, Texas 77002 USA

The finding that tumor cells are more thermosensitive than their normal
counterparts (1-4) prompted research on the effect of heat on normal and
neoplastic cells. In 1970, the phenomenon of thermotolerance was described
for the first time (5). Cells of L1210 leukemia after being exposed to
sublzthal hyperthermia (52% of BDFl mice survivors after inoculation of
1x10™ 11210 cells treated for 2 hours at 42°C in Fischer medium versus 0%
survivors after inoculation of same number of cells treated first at 40°C
for 4 hours and afterward at 42°C for 2 hours). This result appears para-
doxical. Cells that had received a more prolonged heat treatment (4 hours
at 40°C + 2 hours at 42°C) survived better than cells less treated (2 hours
at 42°C only). According to the nomogram used, the difference between 507%
and 0% mice survival observed corresponded to a one-log difference in cell
killing. It appeared that pre-treatment with heat rendered the cell capable
to withstand further exposure to the same injury better than cells not
pre-treated.

Many studies followed (6-8) and the phenomenon was named thermotolerance
to distinguish it from thermoresistance. This distinction is important be-
cause thermotolerance is transient and not heritable. It is, in other words,
a somatic phenomenon and not a mutation which induces a permanent heritable
status which should be called thermoresistance - as heritable resistance to
chemicals is called chemoresistance. It must be said that, although thermo-
tolerance has been found to be a rather widespread phenomenon, present in
different degrees in almost all the organisms investigated, thermoresistance
is a much rarer phenomenon.

Reports of thermoresistance on tumor cells were, until now, very few
and, in our laboratory, the most strenuous efforts to obtain thermoresistant
tumor cell lines has consistently failed. Thermotolerance, on the contrary,
is easily induced in every system tested and maintained for variable lengths
of time, never surviving cell division (9). For some time, the molecular
mechanism of thermotolerance remained obscure until the discovery of the pro-
duction of a new class of proteins in Drosophila after heat shock (10). It
was soon found afterward that the production of heat shock proteins was a
general phenomenon (11-12) through all the various cell species from bacteria
to eukaryotic ones, and their synthesis was correlated with the induction of
thermotolerance (12-14). It was quickly found also that these proteins or
HSP are present in more than one class.
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In mammalian cells, heat shock (i.e., 20-30 minutes at 43°C or a longer
period of time at lower temperatures down to a minimum of at least 2-3%
above the physiological temperature of the animal) induces synthesis of four
major classes of HSP designated 27, 70, 89 or 90 and 107. These designations
are based on the respective molecular weight expressed in kilodaltons. A
close temporal relationship has been found between thermotolerance and HSP,
HSP synthesis (70, 89 and 107) is detectable immediately after heat shock and
returns to normal levels as soon as the thermotolerance peaks and levels.
Also, HSP levels remain high through the period of thermotolerance and drop
when thermotolerance falls, disappearing with the return of thermosensiti-
vity. Agents that induce thermotolerance were found to stimulate synthesis
of HSP (15,16).

Direct proof of the causal relationship between HSP and thermotolerance
has been achieved recently (17) when it was found that microinjection of
monoclonal antibodies to HSP70 into fibroblasts rendered these much more
sensitive to heat treatment. Control cells microinjected with other anti-
bodies withstood the same heat treatment with no ill effects. This was
confirmed shortly afterward (18) when it was observed that suppressing
expression of the HSP70 gene rendered the cells so modified they were more
thermosensitive. HSP are now thought to act by stabilizing cell proteins
against denaturation, promoting the renaturation of partially denatured pro-
teins and assisting other proteins in moving from one part of the cell to
another (19-21), unfolding and chaperoning them (hence, the naming recently
of such classes of proteins unfoldases and chaperonins).

Interest in these proteins is increasing at a tremendous rate because
they appear to be involved not only in protecting cells from the effect of
heat but in many other cell functions. HSP are common to almost all cells
and are very similar, even in very different species (antibodies against an
HSP of a bird will react readily with an HSP of the same class obtained from
a shrimp). This suggests that their function(s) are very basic if they are
found practically in all the animal kingdom, including bacteria and yeast.

HSP are also synthesized in response to other stimuli which are
injurious to the cell as contact with heavy metals and oxygen deprivation
and the interpretation of their role in such contigencies suggests again
protection against protein denaturation as the most likely mechanism of
action. Unstressed cells contain large amounts of HSP and it is thought
that these constitutional levels of HSP are the guarantors of the normal
level of cell resistance to heat and other stresses. This interpretation
has been reinforced by the finding that cells not expressing normal levels
of HSP are very thermosensitive (18). It will be very interesting to study
the levels of HSP in bacteria thermophila which can live at temperatures of
60-70°C. It has always been very puzzling to every biologist how the pro-
teins of such organisms manage to remain in the native state carrying on
the enzymatic reactions necessary for the survival and reproduction of such
bacteria. Another interesting and more practical problem is the role of
the HSP in the higher thermosensitivity of neoplastic cells when compared
to their normal counterparts (1-4). This phenomenon is quite widespread,
being present in rodent and human cells alike, and it appears as soon as
the cell is transformed (2-3). Two explanations are possible. The first
is the production in the neoplastic cells of smaller amounts of HSP than in
normal cells when heat shock is applied. The second is a mutation in the
neoplastic HSP gene(s) which renders the protein product less effective in
protecting the neoplastic cells, although the amount of HSP present is the
same as in the normal cell.

Recently, very provocative results have been obtained which demonstrate

binding of HSP with oncogene products (22-23). 1In this case, it is possible
that the oncogene activated by mutation produces a protein with increased
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affinity for HSP, depleting the transformed cell of it and increasing hence
its thermosensitivity. Alternatively, it can be postulated that it is the
level of the oncogene product which is raised in the transformed cells with-
out any qualitative difference. The published data so far do not allow for
choosing one explanation over the other (23).

It is well known that oncogenes can transform cells by both mechanisms,
i.e., activation by both mutation or by product excess consequent to gene
amplification or to gene overexpression. It is, however, very probable that
the original observation of increased thermosensitivity of the transformed
cells will soon find its molecular explanation.

There is at the present moment an enormous amount of work being dome
on HSPs and the literature on the subject has already reached gargantual
dimensions. These studies can result in important advances for hyperthermic
treatment in the near future if it is confirmed that blocking HSP activities
with monoclonal antibodies or <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>