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INTRODUCTION 

Systemic hyperthermia is deliberate heating o f the whole body 
to achieve an elevated core temperature for thera-peutic 
purposes. Other terms used are whole-body hyperthermia, 
systemic or whole body thermal therapy, and hyperpyrexia. 
The goal o f systemic hyperthermia is to reproduce the 
beneficial effects o f fever. Typical ly , core body temperatures 
o f 4 1 ^ 2 8C are induced for 1-2 h, or alternatively 39-40 8C 
for 4-8 h. Systemic hyperthermia, by virtue o f application to 
the whole body, aims to alleviate systemic disease conditions, 
in contrast to local or regional hyperthermia that treats only a 
specific tissue, l imb, or body region. 

HISTORICAL BACKGROUND 

The use o f heat to treat disease goes back to ancient times. 
Appl icat ion o f fire to cure a breast tumor is recorded in an 
ancient Egyptian papyrus, and the therapeutic value o f 
elevated body temperature in the form o f fever was appreciated 
by ancient Greek physicians. Hippocrates wrote, " W h a t 
medicines do not heal, the lance w i l l ; what the lance does not 
heal, fire w i l l , " whi le Parmenides stated: 

" G i v e me a chance to create a fever and I w i l l cure any 
disease." In the first century A D , Rufus (also written as RefUs 
or Ruphos) o f Ephesus advocated fever therapy for a variety o f 
diseases. Hot baths were considered therapeutic in ancient 
Egypt, Greece, Rome, China, and India as they sti l l are in 
many aboriginal cultures today, along w i th bury ing diseased 
individuals in hot sand or mud. Hot baths and saunas are an 
integral part o f health traditions throughout the Orient, in 
Indian Ayurvedic medicine, as wel l as in Eastern European 
and Scandinavian countries. Fo l lowing several eariier 
anecdotal reports, several nineteenth century German 
physicians observed regression or cure o f sarcoma in patients 
who suffered prolonged, high fevers due to infectious diseases. 
This led to efforts to induce infectious fevers in cancer patients, 
for example, by apply ing soiled bandages or the blood o f 
malaria patients to wounds. The late nineteenth century New 
York physician, W i l l i am Coley, achieved cancer cures by 
administration o f erysipelas and other bacterial endotoxins, 
now known as Coley's toxins, and attempted to create 
standardized preparations o f these pyrogens (1). A t around the 
same t ime, treatment o f syphil is by placing the patient i n a 
stove-heated room, or a heat box, became commonplace. 
Successful Hyperthemiic treatment o f other sexually transmit­
ted diseases, such as gonorrhea, and neurological conditions, 
such as chorea minor, dementia paralytica, and mult iple 
sclerosis along w i th arthritis, and asthma were widely reported. 
Interestingly, it was noted by Ital ian physicians that upon 
complet ion o f the draining o f the Pontine Swamps near Rome 
by Mussol in i in the 1930s, not only was malaria eradicated, 
but the prevalence o f cancer in the area was the same as in the 
rest o f Italy, whereas earlier the whole malaria-infected region 
was noted for its absence o f cancer. It was concluded that the 
frequent fever attacks common in malaria stimulated the 
immune system to prevent the development o f cancers. 

The science o f hyperthermia became grounded in the first 
few decades o f the twentieth century when some o f the bio­
logical effects o f elevated body temperature were elucidated 
and attempts were made to understand and control the 
therapeutic application o f heat. Numerous devices were deve­
loped to produce elevated temperatures o f the body, by a 
variety o f physical means. Af^er a shift in focus to local and 
regional hyperthermia, there is now a resurgence o f interest i n 
systemic hyperthermia for treatment o f cancer, as wel l as other 
systemic diseases. Whole-body hyperthermia treatment is now 
carried out at several university centers in the United States, 
and Europe (Table 1), where controlled cl inical trials are being 
carried out. Numerous private cl inics, principal ly in Nor th 
America, Germany, Austria, Eastern Europe, Japan, and China 
also perform systemic hyperthermia, mostly as part o f holistic, 
alternative, treatment regimens. 

PHYSICS OF SYSTEMIC HYPERTHERMIA 

As shown schematically i n Fig. 1, i n order to achieve body 
temperature elevation, there must be greater deposition 
o f heat energy in the body than heat energy lost f rom 
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Table 1. C l in ica l Academic/Regional Systemic Hyperthermia Centers 

Country City Inst i tut ion Principal Investigator Heat Type, Machine" Protocol (time, temp) 

Asia 
China Baoding Second Hospital of Baoding Chunzhu Y in RF 3.5-6 h, 40-10.5 °C 
China Changchun J ihn Tumor Hospital Changguo Hong RF 3.5-6 h, 40-^0.5 °C 
China Jiangmen Guangdong Jiangmen Renmln Hospital Wenping Wu IR 
China Shanghai Changhai Hospital, Second Mi l i tary Medical School Yajie Wang 
China Shanghai Department of Tumor Hyperthermia Center Kai-sheng Hou IR, ET-Space 

extracorporeal 
1-2 h, 41.8--t2.5 "C 

Chinfl Shanghai ShanghEii Jingan Central Hospital Weiping Tao IR, ET-Space 
extracorporeal 

2 h, 41.6 "C 4 h, 42.1 "C 

China Tai'an City 88th Hospital o fPLA Yong Peng 1-2 h, 41.8 °C 6 h, 
39.5-40 "C 

China Zhengzhou Modern Hospital, Zhengzhou Dingjiu L i RF 3.5-6 h, 40-^0.5 "C 
Japan Tokyo Luke Hospital Ak i ra Takeuchi IR 

Europe 
Belarus Minsk Belarus Center for Pediatric Oncology 

and Hematology 
Reimann Ismail-zade HF EM, Yakhta-5 2 h, 41.8-12.5 ' C 1 h, 

42.5-43 '=C 
Germany Berl in Ludwig Maximil ian University 

Charite Medical Center 
Bert Hildebrandt, Hanno 

Riess, Peter Wust 
IR, I ratherm 1 h, 41.8 'C 

Germany Frankfurt Krankenhaus Nordwest Elke Jager, Akin Atmata IR, Aquatherm 1 h, 41.8 ^̂C 
Germany Munich Ludwig Maximil ian University Hospital Clinic Harald Sommer IR, I ratherm 1 h, 41.8 "C 
Hungary Kecskemet Institute of Radiology of Kecskemet Miklos Szucs IR, OncoTherm 1 h, 41.8 °C 
Norway Bergen University of Bergen, Haukeland University Hospital Baard-Christian Schem IR, I ratherm 1 h, 41.8 °C 
Russia Novosibirsk Siberian Scientific Research Inst i tute of Hyperthermia Roman Tchervov Water bath 43.5-^4.0 "C 
Russia Obninsk Medical Radiological Research Center of 

Russian Academy 
of Medical Sciences, Obninsk 

Yur i Mardynsky H F EM, Yakhta 5 1-2 h, 41.0-42.3 °C 

North America 
United States Galveston, TX University of Texas Medical Branch Joseph Zwischenberger extracorporeal 2 h, 42.5 "C 
United States Houston, TX University of Texas Medical School Joan M. Bu l l IR, Heckel 6 h, 40 "C 
United States Buffalo, NY Roswell Park Cancer Institute Wi l l iam G. Kraybi l l IR, Heckel 6 h, 40 X 
United States Durham, NC Duke Comprehensive Cancer Center'' Zeyko Vujaskovic IR, Heckel 6 h, 40 C 

'•Radio frequency - RF ; infrared = IR. 
''Starting in 2006. 
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Figure 1. Schematic of heat balance mechanisms in the human 
body. Body temperature is determined by the balance of metabolic 
heat production plus heating from external sources, and heat 
losses by radiation, evaporation, convection, and conduction. 

conduct ion, convect ion, r a d i a t i o n a n d evapora t i on , t h a t is . 

QdepA^>Qioss^ (1) 

whe re Q' = AQ/Ai r epresents t h e change i n h e a t energy , 
Q (measured i n Jou les or calor ies ) , over a t i m e p e r i od 
Ai. N e t heat energy depos i t i on i n a v o l u m e e l emen t A V 
of t i ssue o f d ens i t y ptis r e su l t s i n a n increase i n t e m ­
p e r a t u r e A T dependent o n t h e specif ic hea t o f t h e t i s sue , 

A V A V 
^ = (PtisAV)ctisAr 

A r ^ ( Q i e p - Q i o s s ) -
At 

Ptis^tis 
(2) 

H e a t depos i t i on is t h e s u m o f t h e absorbed power den ­
s i ty , Pabs, f r o m e x t e r n a l sources a n d h e a t genera ted by 
me tabo l i sm, Q^et, 

A V A V 
C3) 

I f t h e a i r t e m p e r a t u r e is h i g h e r t h a n t h e body surface 
t e m p e r a t u r e , hea t is absorbed f r o m a i r s u r r o u n d i n g t h e 
body by the s k i n , as w e l l as d u r i n g r e s p i r a t i o n . Power 
depos i t ion i n t i ssue f r o m e x t e r n a l e l e c t romagne t i c fields 
depends on t h e c o u p l i n g o f t h e r a d i a t i o n f^eld (m ic ro ­
wave, RF, u l t r a s o u n d , v i s i b l e or I R l i g h t ) w i t h t i ssue . 
The body's metaboUc r a t e depends o n t h e a m o u n t o f 
m u s c u l a r a c t i v i t y , t h e t e m p e r a t u r e , p ressure a n d 
h u m i d i t y of the e n v i r o n m e n t , a n d t h e size o f t h e body. 
Me tabo l i c r a t e increases n o n l i n e a r l y w i t h core body 
t e m p e r a t u r e , i n p a r t due to t h e e x p o n e n t i a l increase 
of t h e r a t e of chemica l r eac t i ons w i t h t e m p e r a t u r e 
(A r rhen ius equat ion) . A n emp i r i ca l r e l a t i onsh ip between 

basal metabol ic r a t e a n d core t empe ra tu r e has been 
de t e rm ined as 

Basa l M R = 
8 5 x 1.07<^°") 

0.5 
(4) 

w h i c h can be exploited to m a i n t a i n elevated body temperatures 
(2). A t room temperature a himaan body produces 84 W, 
w h i c h increases to ^ 162 W a t a core temperature of 41.8 °C. 

H e a t losses f r o m t h e body are o f ten t e r m e d sensible 
(convective, conduct ive , rad ia t i ve ) and insens ib le (evapora­
t i v e , l a t en t ) . Th e p r i m a r y mode o f heat loss f r o m t h e body is 
by r a d i a t i o n , as descr ibed by t h e Ste fan—Bol tzmann law, 

(5) 

wh e r e Q 'rad/AVis t h e power r ad i a t ed , e^kin is t h e emiss i v i t y 
o f t h e s k i n ( r a d i a t i n g ma t e r i a l ) , a is Stefan's con­
s t a n t - 5.6703 X 1 0 " ^ W-m-^/K, A^kin is the s k i n surface 
area, Tskin is t h e t e m p e r a t u r e o f t h e s k i n ( rad ia to r ) , a n d Tg 
is the t e m p e r a t u r e of t h e s u r r o u n d i n g s (e.g., a i r , wa t e r , 
wax ) . H u m a n s k i n is a near perfect r a d i a t o r i n t h e IR , w i t h 
a n em i s s i v i t y o f 0.97. A t r o om t e m p e r a t u r e , > 5 0 % of t h e 
heat genera ted by me tabo l i sm is lost by r a d i a t i o n ; a c lo thed 
a d u l t loses some 50 W a t r o om t e m p e r a t u r e . T h i s increases 
t o ~ 6 6 % a t a core t e m p e r a t u r e o f 41.8 ""C, as is t a rge t ed i n a 
n u m b e r o f systemic h y p e r t h e r m i a protocols, w h e n t h e s k i n 
t e m p e r a t u r e rises to 3 9 - 4 0 (3). 

D i r e c t t r ans f e r of body heat to t h e molecules a r o u n d the 
body ( t yp i ca l l y a i r ) occurs by conduct ion , or mo lecu lar 
a g i t a t i o n w i t h i n a m a t e r i a l w i t h o u t any m o t i o n o f the 
m a t e r i a l as a who l e , w h i c h is descr ibed by Four i e r ' s l aw , 

(6) 
wh e r e AQcond is t h e hea t energy t r ans f e r r ed per u n i t 
vo lume i n t i m e A^, K is the t h e r m a l conduct iv i ty (W-mK^^) 
o f t h e m a t e r i a l s u r r o u n d i n g t h e body (a i r , wa t e r ) , and A T is 
t h e t e m p e r a t u r e di f ference across th i ckness Ax o f t h e 
m a t e r i a l . A i r is a poor t h e r m a l conductor , there fore heat 
loss by conduc t i on is r e l a t i v e l y low. O n t h e o the r h a n d , 
w a t e r has a t h e r m a l c onduc t i v i t y 20 t imes t h a t of a i r a t 
0 'C , i n c r eas ing f u r t h e r w i t h t e m p e r a t u r e , there fore d u r ­
i n g h y p e r t h e r m i a i t i s i m p o r t a n t t h a t any w a t e r i n contact 
v r i t h t h e s k i n is no t a t a l ower t e m p e r a t u r e . Th e r e l a t i v e 
t h e r m a l c o n d u c t i v i t y o f body t issues is i m p o r t a n t i n deter­
m i n i n g t h e r m a l conduc t i on w i t h i n t h e body f r o m e x t e r n a l 
sources of heat . For example , fa t is a r e l a t i v e t h e r m a l 
i n s u l a t o r w i t h a t h e r m a l c onduc t i v i t y one t h i r d of t h a t o f 
most o the r t issues, there fore f a t bodies are s lower to heat . 

Convect ive heat t r ans f e r invo lves m a t e r i a l movement 
a n d occurs p r i n c i p a l l y v i a b lood m o v i n g hea t to , or f r om , 
t h e s k i n a n d o the r t issues, a n d a i r c u r r e n t s ( r esp i ra to ry 
a n d en v i r on men ta l ) m o v i n g w a r m a i r to or f r o m t h e body. 
E q u a t i o n 7 is w r i t t e n for the b lood. 

^f^=^PbCb[wb{x,y,z,T){T-T^) 

(7) 

wh e r e Wb is t h e specif ic c ap i l l a r y b lood f low ra t e , Ut is t h e 
specific b lood f low t h r o u g h o ther vessels. I n t h e context o f 
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systemic h y p e r t h e r m i a , w he r e a p a t i e n t is i n a closed 
chamber , e n v i r o n m e n t a l a i r c u r r e n t s can be m i n i m i z e d . 
Hea t loss by r e sp i r a t i on , however , can a m o u n t t o a lmos t 
10% o f metaboUc heat genera t i on . 

A n o t h e r route o f heat loss f r o m the body is e vapora t i on 
o f p e r sp i r a t i on f r om t h e s k i n . Because o f the v e r y la rge 
heat o f vapo r i za t i on o f wa t e r , cooUng o f t h e b lood i n s k i n 
cap i l lar ies occurs due to evapora t ion o f sweat. E v a p o r a t i o n 
f r om exhaled m o i s t u r e also r esu l t s i n coo l ing o f t h e sur ­
r o u n d i n g a i r . 

A V At 
(8) 

whe re m^, is the mass of t h e w a t e r a n d is t h e l a t e n t heat 
of vapo r i za t i on (2.4 x 10^ J k g ^ a t 34 "C). I n ho t cond i ­
t i ons w i t h m a x i m a l rates o f e vapora t i on , heat loss t h r o u g h 
evapora t ion of sweat can be as m u c h as 1100 W . H e a t loss 
i n the lungs is -^10 W. 

C o m b i n i n g the heat genera t i on a n d heat loss t e r m s 
leads to a genera l hea t t r ans f e r equat ion , a n ex tens ion 
of the classic Pennes b ioheat t r ans f e r equa t i on . 

- ( • 

>v — / 

A V A V ^ A V A V A V / 

(9) 

i n t o w h i c h the expressions g i ven i n Eqs. 2—8 m a y be sub­
s t i tu t ed . Precise so lut ion of t h i s equat ion for t e m p e r a t u r e 
d i s t r i b u t i o n is complex a n d requi res a n u m b e r of s imp l i f y i n g 
assumpt ions w h i c h have generated s ign i f i cant controversy 
i n bioheat t rans fer circles. M o d e l i n g of t empe ra tu r e d i s t r i ­
but ions w i t h i n a body subjected to h y p e r t h e r m i a is also 
complex because of the heterogeneity o f t h e r m a l character­
istics between and w i t h i n t issue, t h e d i r e c t i ona l i t y o f power 
appUcation, a n d the dynamic n a t u r e o f t h e rmoregu l a t i on by 
h u m a n body. Nonetheless, the factors gove rn ing systemic 
hea t ing o f the body can be apprec iated. 

INDUCTION O F SYSTEMIC HYPERTHERMIA 

A p a r t f r o m the i n d u c t i o n o f b io log ica l fever by pathogens o r 
t ox ins , a l l methods o f h y p e r t h e r m i a invo l ve t r a n s f e r o f 
heat i n t o t h e body f r o m a n e x t e r n a l energy source. The 
r equ i r ed ne t power to ra ise t h e t e m p e r a t u r e of a 70 k g 
h u m a n f r o m 37 to 41.8 C (2) is 400 W (5.7 m W ) . W h i l e t h e 
heat absorpt ion f r o m these sources is h i g h l y n o n u n i f o r m , 
d i s t r i b u t i o n of t h e r m a l energy by the vascu lar sys t em 
qu i ck l y r esu l t s i n a u n i f o r m d i s t r i b u t i o n o f t e m p e r a t u r e . 
Indeed , systemic h y p e r t h e r m i a is t h e on l y way to achieve 
u n i f o r m hea t i n g o f t issues. Because phys io log ica l t h e r m o ­
regu la t i on mechanisms such as vasod i la t ion a n d persp i ra ­
t i o n counteract a t t empts to increase core body t empe ra tu r e , 
careful a t t en t i on m u s t be p a i d to o p t i m i z i n g the phys i ca l 
condit ions for h ea t i n g such t h a t there is eff icient deposi t ion 
of heat energy i n the body and , even more i m p o r t a n t l y , 
m i n i m i z a t i o n of heat losses. W r a p p i n g the body i n ref lective 
b lankets , fo i l , or p last ic f i l m t o reduce r ad i a t i v e and eva­
porat ive losses, or keep ing the s u r r o u n d i n g a i r mo i s t t o 

m i n i m i z e losses by pe r sp i r a t i on are key techniques for 
ach iev ing a susta ined increase i n body t empera ture . 

Non invas i v e methods o f h e a t i n g inc lude i m m e r s i n g the 
body i n ho t w a t e r or wax , w r a p p i n g the body i n a b l a n k e t or 
s u i t t h r o u g h w h i c h hea t ed w a t e r is p u m p e d , p l a c ing the 
p a t i e n t o n a hea ted w a t e r ma t t r e ss , s u r r o u n d i n g the body 
w i t h ho t a i r , i r r a d i a t i n g w i t h I R energy, a n d a p p l y i n g R F 
or m i c r owave e lec t romagnet ic energy. These techniques 
m a y be app l i ed s ing l y o r i n comb ina t i on . Fo r example , the 
Pomp-S i emens cab inet used u n t i l r ecent l y t h r o u g h o u t 
Europe , as w e l l as i n t h e U n i t e d States, a mod i f i ca t i on 
o f a device o r i g i n a l l y developed by Siemens i n t h e 1930s, 
has t h e p a t i e n t l y i n g on a hea ted w a t e r ma t t r e s s u n d e r 
w h i c h a n i n d u c t i v e loop generates a n R F f ie ld , a l l ins ide a 
chamber t h r o u g h w h i c h ho t a i r is c i r cu la t ed . The Russ ian 
Y a k h t a - 5 sys t em appl ies a h i g h f requency (13.56 M H z ) 
e l ec t romagnet ic f i e ld t h r o u g h a wa t e r - f i l l ed ma t t r e s s to 
p e r m i t who l e body h e a t i n g u p to 43.5 °C a n d s imu l t aneous 
deep local h y p e r t h e r m i a t h r o u g h add i t i ona l appHcators pro­
v i d i n g 40.6 M H z e lectromagnet ic r ad i a t i on . The ma jo r i t y of 
whole-body h y p e r t h e r m i a systems c u r r e n t l y i n c l in i ca l use 
employ I R r a d i a t i o n to achieve systemic hea t ing . Invas ive 
approaches t o systemic h y p e r t h e r m i a are extracorporea l 
h e a t i n g of blood, removed f r om the body v i a a n ar ter iovenous 
shun t , p r i o r t o r e tm-n ing i t to the c i r cu la t i on , as w e l l as 
pe r i t onea l i r r i g a t i o n w i t h heated f l u i d (4). A use fu l schematic 
s u m m a r y o f whole-body h y p e r t h e r m i a i n d u c t i o n techniques 
a l ong w i t h references is prov ided by v a n der Zee (5). 

A l l o f these approaches invo lve a per iod of steady 
t e m p e r a t u r e increase, fo l lowed by a p l a t eau or e qu iUbr ium 
phase where t h e ta rge t t e m p e r a t u r e is m a i n t a i n e d for any­
whe r e f r o m 30 m i n to several hours , and finally a cool-down 
phase. Depend ing o n the m e t h o d o f h y p e r t h e r m i a i nduc t i on , 
the p a t i e n t m a y be anesthet ized, consciously sedated, adm i ­
n i s t e red analgesia, or no t g i ven any k i n d of med ica t i on a t 
a l l . A n e p i d u r a l b lock is somet imes g iven to induce or 
increase vasod i la t ion . D u r i n g r a d i a n t heat i nduc t i o n , t h e 
t e m p e r a t u r e o f the s k i n a n d super f ic ia l t issues ( i n c lud ing 
tumors ) i s h i ghe r t h a n the core (rectal ) t empe ra tu r e 
whereas d u r i n g t h e p l a t eau (maintenance) phase, t h e 
sk in - supe r f i c i a l t i ssue t empera t t i r e drops below the core 
t empera tu r e . As a l ready described, heat losses due to phy­
siological mechan isms l i m i t the r a t e of h e a t i n g t h a t can be 
achieved. W h e n i n s u l a t i o n o f the pa t i en t w i t h p last ic f o i l 
was added t o ho t a i r hea t ing , the h e a t i n g t i m e to 41.8 "C was 
decreased f r o m 230 t o 150 m i n (65%), and f u r t h e r to 110 m i n 
(48%) by a d d i t i o n o f a w a r m wa t e r perfused mat t r ess (5). 
The homogenei ty o f the t empe ra tu r e d i s t r i b u t i o n was also 
s i gn i f i cant l y increased by the add i t i on o f i n s u l a t i o n a n d the 
wa t e r mat t r ess . Non invas i ve systemic h y p e r t h e r m i a m e t h ­
odologies t yp i ca l l y produce h e a t i n g rates of 1—10 " C h ~ ^ 
w i t h 2 -3 h ^ b e ing most common. M o r e r a p i d h ea t i n g 
can be achieved by the invas ive techniques, a t t h e expense of 
g rea ter r i s k of in fec t ion a n d m o r b i d i t y . 

COMMERCIALLY AVAILABLE W H O L E - B O D Y 
HYPERTHERMIA SYSTEMS 

A n u m b e r o f c o m m e r c i a l l y ava i l ab l e devices have r e s u l t e d 
f r o m t h e deve l opment o f these i n i t i a l l y e x p e r i m e n t a l 
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systems. The S iemens-Pomp system has a l ready been m e n ­
t ioned, b u t is no longer commerc ia l l y avai lable. S im i l a r l y , 
ne i ther the r a d i a n t heat chamber developed by Robins (3), 
and marke t ed as the A q u a t h e r m system, nor the s i m i l a r 
En the rm i c s Med i ca l Systems RHS-7500 r a d i a n t heat 
device, bo th p roduc ing far I R r a d i a t i o n ( IR C) i n a mo is t 
a i r chamber, are c u r r e n t l y be ing sold, t h o u g h they are 
s t i l l i n use i n several centers. A close re la t i ve is t h e 
I r a the rm2000 r a d i a n t heat chamber o r i g ina l l y developed 
by von A rdenne and co-workers (6). I n t h i s device, water -
f i l t e red in f r a r ed rad ia to rs at 2400 e m i t t h e i r energy f r o m 
above and below the pa t i en t bed, p roduc ing near - IR ( IR A) 
r ad ia t i on t h a t penetrates deeper i n t o t issue t h a n far I R 
rad ia t i on , caus ing d i rect h e a t i n g of the subcutaneous cap i l ­
l a ry bed. T h e r m a l i so la t ion is ensured by ref lect ive foi ls 
placed a r ound the pa t i ent . However , note t h a t s ign i f i cant 
evaporat ive heat loss t h r o u g h persp i ra t i on can be a p rob l em 
w i t h t h i s system. Also w i t h a s igni f icant m a r k e t share is the 
Hecke l H T 2000 r a d i a n t heat device i n w h i c h pa t i en ts l ie on 
a bed enclosed w i t h i n a soft-sided r ec tangu la r t e n t whose 
inner wa l l s are coated w i t h ref lective a l u m i n u m fo i l t h a t 
ensures t h a t the shor t wave l eng th i n f r a r e d A and B rad ia ­
t i o n em i t t ed by four rad ia to rs w i t h i n the chamber u n i f o r m l y 
bathes the body siu'face. Once the targe t t empe ra tu r e is 
reached, the chamber wa l l s are collapsed to w r a p a r ound the 
body, thereby p r e v en t ing rad ia t i ve and evaporat ive heat 
loss, and p e r m i t t i n g ma in tenance o f t h e e levated tempera­
t u r e , as shown i n F ig . 2. 

A n o t h e r r a d i a n t hea t device, used m a i n l y i n G e r m a n y , 
is the H O T - O n c o T h e r m W B H - 2 0 0 0 whole-body hy pe r the r ­
m i a u n i t w h i c h is a chamber t h a t encloses a l l b u t t h e 
pat i ent ' s head. Special l i g h t - e m i t t i n g diode ( L E D ) r ad i a ­
tors deUver computer -generated , a l loy - f i l t e red I R A wave­
l eng ths t h a t penet ra te t h e s k i n to de l i ve r heat t o t h e 
cap i l l a r y bed. The m a n u f a c t u r e r c la ims t h a t these wave­
l eng ths also p re f e r en t i a l l y s t i m u l a t e t h e i m m u n e system. 
Recently, Energy Technology, Inc . o f C h i n a has released 
the ET-SPACE whole-body h y p e r t h e r m i a system, w h i c h 

Figure 2. Heckel HT-2000 radiant heat whole body hyperthermia 
system. Unit at the University of Texas Medical School at Houston. 
Patient is i n the heat maintenance phase of treatment, wrapped in 
the thermal blankets which form the sides of the chamber dur ing 
active heating. 

produces I R A r a d i a t i o n i n a s m a l l p a t i e n t chamber i n t o 
w h i c h w a r m fiquid is in fused to he lp increase t h e a i r 
h u m i d i t y a n d the r eby reduce p e r sp i r a t i on losses. A n u m ­
ber o f l ow cost, fa r i n f r a r e d , o r d r y , saunas are b e ing sold 
t o p r i v a t e c l in i c s , h e a l t h c lubs , a n d even i n d i v i d u a l s for 
t r e a t m e n t o f t i r t h r i t i s , fibromyalgia, de tox i f i ca t i on , a n d 
w e i g h t loss. E x a m p l e s are t h e S m a r t y H y p e r t h e r m i c 
C h a m b e r , t h e T h e r a S a u n a , t h e P h y s i o t h e r m , a n d t h e 
B i o t h e r m S a u n a Dome . Tab l e 2 s u m m a r i z e s f ea tures o f 
these c o m m e r c i a l l y ava i l ab l e who le -body h y p e r t h e r m i a 
devices. 

/ 

BIOLOGICAL EFFECTS O F SYSTEMIC HYPERTHERMIA 

A n u n d e r s t a n d i n g of t h e b io log ica l effects o f systemic 
h y p e r t h e r m i a is c r i t i c a l to b o t h i t s successful i n d u c t i o n 
a n d to i t s t h e rapeu t i c efficacy. Systemic responses t o body 
hea t i ng , i f n o t counterac ted , u n d e r m i n e ef forts to ra ise 
body t e m p e r a t u r e , w h i l e ce l lu la r effects u n d e r l i e b o t h 
t h e r a t i ona l e for t h e use o f h y p e r t h e r m i a to t r e a t specific 
diseases, a n d t h e tox ic i t i es r e s u l t i n g f r o m t r e a t m e n t . 
A l t h o u g h i m p r o v e d technology has a l l owed easier and 
more effective i n d u c t i o n of systemic h y p e r t h e r m i a , most 
of t h e recent c l i n i c a l advances are due to be t t e r under ­
s t a n d i n g a n d e x p l o i t a t i o n o f specific b io log ica l phenomena. 

Physiological Effects of Elevated Body Temperature 

The s ympa the t i c ne rvous sys tem a t t e m p t s to keep a l l p a r t s 
of t h e body a t a cons tant t e m p e r a t u r e , t i g h t l y con t ro l l ed by 
a c e n t r a l t e m p e r a t u r e 'set po in t ' i n the preopt ic—anter ior 
h y p o t h a l a m u s a n d a v a r i e t y of feedback mechan isms . The 
t h e r m o s t a t has a c i r cad i an r h y t h m a n d is occasional ly 
reset, for example , d u r i n g fever induced by in fec t ious 
agents a n d endotox ins , b u t no t i n endogenously induced 
h y p e r t h e r m i a . Occasional ly , i t b reaks d o w n complete ly as 
i n me i l i gnant h y p e r t h e r m i a or some neuro log ica l d isorders 
a f f ec t ing the h y p o t h a l a m u s . O r d i n a r i l y , w h e n core body 
t e m p e r a t u r e r ises, t h e b lood vessels i n i t i a l l y d i l a t e , h e a r t 
r a t e r ises, a n d b lood f low increases i n an e f for t to t r a n s p o r t 
heat to the body surface where i t is lost by r ad i a t i on , 
conduct ion , and convect ion. H e a r t ra te increases on average 
by 11.7 beats m i n " ^ °C~ ^ and t yp i ca l l y r ema ins elevated for 
several hours af ter n o r m a l body t empe ra tu r e is regained. 
Systol ic blood pressure increases to d r i ve the blood flow, b u t 
d iasto l ic pressure decreases due to the decreased resistance 
o f d i l a t e d vessels, t h u s t h e r e is a n increase i n card iac 
o u t p u t . H e a r t r a t e a n d b lood pressure m u s t there fo re be 
m o n i t o r e d d u r i n g sys temic h y p e r t h e r m i a , a n d whole-body 
h y p e r t h e r m i a is c o n t r a i n d i c a t e d i n mos t p a t i e n t s w i t h 
card iac cond i t i ons . I n t e r e s t i n g l y , h y p e r t h e r m i a increases 
card iac t o l e rance to i schemia/reper fus ion i n j u r y p robab l y 
due t o a c t i v a t i o n o f manganese superox ide d i s m u t a s e 
( M n - S O D ) a n d i n v o l v e m e n t o f c y tok ines . 

Resp i ra t i on ra t e also increases a n d b r e a t h i n g becomes 
sha l lower . P e r sp i r a t i on r esu l t s i n evapora t i on o f sweat 
f r o m the s k i n a n d consequent cool ing, w h i l e the r e sp i r a t i on 
r a t e increases i n order to increase coo l ing by evapora t i on o f 
m o i s t u r e f r o m exp i r ed a i r . W e i g h t loss occurs despite fluid 
i n t a k e . The r e is a decrease i n u r i n a r y o u t p u t and the u r i n e 
has a h i g h si>ecific g r a v i t y , c oncen t r a t i ng ura tes a n d 



Table 2. CommerciaUy AvaUable C l in i ca l Whole-Body Hyperthermia Devices 

Manufacturer Website Device Name Heating Mechanism Temperature Range, °C Application 

Energy Technology http://www.eti.com.cn/EN/pro/product2.htm ET-SPACE Mult iple IR radiators 
(IR A) 

39-41.8 Oncology 

Heckel Medizintechnik GmbH http://www.heckel-medizintechnik.de/ 
frameset_e.html 

HT 2000 M 4 300W IR radiators 
(IR A, B) 

38.5-40.5 Oncology, 
rheumatology 

Hot-Oncotherm http://www.hot-oncotherm.com/ 
oncothermia.htm 

WBH-2000 Mult iple LED 
radiators {IR A) 

37-42 Oncology 

Von Ardenne Inst i tut fur http://www. ardenne. de/med_eng/ Iratherm 800 4 IR radiators (IR A) 37-38 Physical medicine, 
AngewEuidte complementary 
Medizinische Forschung, GmbH 

Iratherm 1000 
Iratherm 2000 

6 IR radiators (IR A) 
10 IR radiators (IR A) 

37-39 
37-42 

medicine, oncology 
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phosphates. I n endogenously induced h y p e r t h e r m i a , b u t 
not i n fever, g l ome r u l a r filtration, as ev idenced by the 
c r ea t in ine clearance, decreases w i t h i n c r eas ing t empera ­
t u r e . As a l ready men t i oned , metabo l ic r a t e increases n on ­
l i n ea r l y w i t h t e m p e r a t u r e , w h i c h leads to a n increase i n 
blood sugar, decreased s e r u m po ta s s ium levels, a n d 
increased lact ic ac id p roduc t i on . A l l t h e above n o r m a l 
phys io log ica l effects m a y be enhemced or counterac ted by 
anesthesia or sedat ion, as w e l l as by disease states such as 
cancer because of d rugs used i n t r e a t m e n t or i n t r i n s i c 
pathophys io log ica l consequences o f the disease. 

A t -^42.5 •'C, the n o r m a l the rmocompensa to ry mechan­
isms b reak d o w n and t h e body d isp lays the s ymptoms o f 
advanced heat s t roke , name l y , l ack of swea t ing , r a p i d 
hea r t beat, Cheyne-Stokes b r e a t h i n g , c e n t r a l ne rvous 
system d is f i jnc t i on , a n d loss o f consciousness. U l t i m a t e l y , 
b r e a t h i n g ceases despi te t h e c o n t i n u a t i o n o f a h e a r t beat . 

Cellular Thermal Damage 

W h e n t e m p e r a t u r e is increased by a few degrees Celcious, 
there is increased eff iciency of enzyme react ions (A r rhe ­
n i u s equat ion) , l e ad ing to increased metabo l ic ra tes , b u t a t 
t empera tures > 40 "̂ C mo l ecu la r con fo rmat i on changes 
occur t h a t lead to des tab i l i za t i on o f macromolecules a n d 
m u l t i m o l e c u l a r s t ruc tu res , for example , to t h e s ide cha ins 
of am ino acids i n p ro t e ins , w h i c h i n t u r n i n h i b i t enzyme 
act ion . S m a l l heat shock pro te ins (HSP) i n t e r a c t w i t h t h e 
u n f o l d i n g p ro te ins to s tab i l i ze t h e m a n d p r e v en t t h e i r 
aggregat ion a n d p r e c i p i t a t i on . E v e n t u a l l y , however , a t 
~ 4 2 °C, complete d e n a t u r a t i o n o f p ro t e ins begins t h a t 
t o t a l l y d i s rup t s m a n y mo lecu la r processes, i n c l u d i n g deox­
yr ibonuc le i c ac id (DNA ) r epa i r . T h u s systemic hy p e r th e r ­
m i a can have s i gn i f i cant effects w h e n p a i r e d w i t h d rugs 
t h a t cause D N A damage (e.g., for chemotherapy o f cancer) . 

M e m b r a n e s are k n o w n to be e x t r e m e l y sens i t i ve t o 
hea t stress because of t h e i r complex m o l e c u l a r composi ­
t i o n of l i p i d s a n d p r o t e i n s . A t a c e r t a i n t e m p e r a t u r e , l i p i d s 
change f r o m t h e t i g h t l y packed ge l phase t o t h e less 
t i g h t l y packed l i q u i d c rys taU ine phase, a n d pe rmeab iU t y 
of t h e ce l l m e m b r a n e ( m e m b r a n e fluidity) increases. A s 
t empera ture increases f in i .her , the con format ion of pro te ins 
also becomes affected, even tua l l y r e s u l t i n g i n d i so rder l y 
r ea r rangement o f the l i p i d b i layer s t r u c t u r e and receptor 
inac t i va t i on or loss. T empe ra tu r e changes o f --5 ""C are 
necessary to cause measurable changes i n n o r m a l ce l l 
membrane permeab i l i t y . Heat - induced cel l membrane per-
meab ih ty can be explo i ted t o increase d r u g deUvery, for 
example, t r ansde rma l l y , or i n t o t u m o r cells. Increased vas­
cu lar pe rmeab i l i t y due t o t h e r m a l increase of endo the l i a l 
gap size also aids d r u g de l ivery i n t o t u m o r s . A t h i ghe r 
temperatures , heat damage t o membranes can cause cel l 
death, b u t i t w i l l also in ter fere w i t h therapeut i c approaches 
t h a t depend on membrane i n t e g r i t y (e.g., receptor ta rge ted 
d r u g del ivery, antibodies, etc.). I r revers ib le d i s r u p t i o n o f 
cytoplasmic m i c ro tubu l e organ iza t ion and even tua l disag­
gregat ion, as w e l l as d i s r u p t i o n of a c t in stress fibers a n d 
v iment in filaments, occur at h i ^ temperatures (43-45 "O 
above those used i n whole-body hyper thermia , b u t these 
cytoskeletal effects are of concern w i t h loco-regional hyper­
thermia . 

A v a r i e t y o f effects i n the ceU nuc leus also occur a t h i ^ 
t e m p e r a t u r e s ( > 4 1 ^C) i n c l u d i n g damage to t h e nuc l ea r 
membrane , increases i n nuc l ea r p r o t e i n content , changes 
i n t h e s t r u c t u r e o f nuc leoh , i n h i b i t i o n o f D N A synthes is 
a n d chromosoma l damage i n S-phase. These changes i n 
nuc l ea r s t r u c t u r e compromise nuc l ea r f un c t i on a n d m a y 
cause cel l dea th , t h o u g h t h e y are u n l i k e l y to be s ign i f i cant 
a t t h e t empe ra tu r e s achieved i n systemic h3 'per thermia . 
D i saggrega t i on o f t h e sp ind l e appa ra tus of m i t o t i c cel ls 
m a y be responsib le for the h i g h t h e r m a l s ens i t i v i t y of cel ls 
i n m i tos i s , as w e l l as i n S phase. H y p e r t h e r m i c i n a c t i v a t i o n 
o f po lymerase p, a n enzyme p r i m a r i l y i n vo l v ed i n D N A 
repa i r , is sens i t i zed by anesthet ics a n d m a y have a role t o 
p lay i n the enhancement of t h e effects of i o n i z i n g r a d i a t i o n 
by systemic h y p e r t h e r m i a , as w e l l as i n a u g m e n t i n g t h e 
cytotoxic effect o f d r u g s t h a t cause D N A damage. 

Metabolic Effects 

Mode ra t e increases i n t e m p e r a t u r e l ead t o increased cel­
l u l a r r eac t i on ra tes , w h i c h m a y be seen as increased oxy­
gen c o n s u m p t i o n a n d glucose t u r n o v e r . I n consequence, 
cel ls m a y become depr i ved of n u t r i e n t s , the i n t r a c e l l u l a r 
A T P concen t ra t i on fa l ls , a c cumu l a t i on of ac id metabo l i t es 
increases p H , a n d t h e r m a l s ens i t i v i t y increases. Such 
cond i t i ons are f o u n d i n t u m o r s a n d m a y c on t r i bu t e to t h e i r 
s ens i t i v i t y to hea t . F u r t h e r ac id i f y ing t u m o r cells d u r i n g 
h y p e r t h e r m i c t r e a t m e n t seems a p r o m i s i n g approach as is 
discussed f u r t h e r be low. A t h i g h t empera tu res , t h e c i t r i c 
ac id cycle m a y be damaged l ead ing to o the r acidic meta ­
bol i tes . Increased p l a s m a acetate has been measured fo l ­
l o w i n g chn i ca l whole-body h y p e r t h e r m i a t r e a t m e n t s , 
w h i c h reduces b o t h release of f a t t y acids f r o m adipx)se 
t i ssue i n t o p l a s m a a n d subsequent Up id ox i da t i on . 

Endocrine Function 

Increases i n p l a s m a levels o f a n a r r a y o f hormones have 
been no ted a f t e r whole-body h y p e r t h e r m i a . Incre f ised 
A C T H levels appear t o be accompanied by increased levels 
o f c i r c u l a t i n g endo rph ins . T h i s m a y e x p l a i n t h e sense o f 
we l l - be ing fe l t b y m a n y pa t i en t s a f ter systemic hype r the r ­
m i a t r e a t m e n t , a n d the p a l l i a t i v e effect of h y p e r t h e r m i a 
t r e a t m e n t s for cancer. Increased secret ion o f somatot rop ic 
h o r m o n e a f t e r systemic h y p e r t h e r m i a has also been mea­
su r ed (7). 

Thermal Tolerance 

T h e r m a l to le rance is a t e m p o r a r y s ta te o f t h e r m a l resis­
tance, conunon to v i r t u a l l y a l l m a m m a h a n cells, w h i c h 
develops a f ter a pro longed exposure to modera te t empera ­
t u r e s ( 40 -12 " O , o r a b r i e f hea t shock fo l lowed by incuba­
t i o n a t 37 "C, a n d also c e r t a i n chemica ls . Th e decay o f 
the rmo to l e rance occurs exponen t i a l l y a n d depends o n t h e 
t r e a t m e n t t i m e , t h e t e m p e r a t u r e , a n d the p ro l i f e ra t i v e 
s t a tus o f t h e cells. Severa l days are u s u a l l y r e q u i r e d for 
base l ine levels o f hea t s ens i t i v i t y to be rega ined, w h i c h has 
i m p o r t a n t i mp l i c a t i on s for f r ac t i ona ted the rapy . W h e n p H 
is lowered, less t h e r m a l to lerance develops, a n d i t s decay is 
s lower. T h u s t h e l o n g per iods a t modera te t e m p e r a t u r e 
achieved by c l i n i c a l systemic h y p e r t h e r m i a systems shou ld 
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2.0 

Liposome size 

F igure 3. Increase in tumor uptake of large liposomes after I h 
of 41.5 "C whole-body hyperthermia. Systemic heat treatment 
increased the effective pore size from ^^210 to 240 nm. Because 
of the large pore size in MTLn3 tumors, 100 nm (average diameter) 
liposomes were able to pass into the tumor equally well at normal 
and elevated temperatures. The increased eftective pore size due 
to hyperthermia allowed larger 200 nm liposomes, which were 
partially blocked at normal temperatures, to pass more effectively 
into the tumor. 

induce t h e r m a l res istance i n n o r m a l cel ls, w h i l e the acidic 
pa r t s o f t u m o r s shou ld be r e l a t i v e l y unaf fected. T h i s has 
not , however, been s tud i ed c l in i ca l l y . The mechan i sms 
invo l ved i n the i n d u c t i o n of the rmoto l e rance are no t w e l l 
understood, b u t the re is m o u n t i n g evidence t h a t heat shock 
pro te ins are invo lved . 

Step-Down Sensitization 

A n o t h e r d i s t i n c t phenomenon is step-dovra sens i t i za t i on i n 
w h i c h a n exposure o f cells to t empe ra tu r e s >43 "C r esu l t s 
i n increased s ens i t i v i t y to subsequent t e m p e r a t u r e s of 
42 °C or lower . T h i s can be i m p o r t a n t c l i n i c a l l y for loca l 
and reg iona l h y p e r t h e r m i a i f the r e are m a r k e d v a r i a t i o n s 
i n t e m p e r a t u r e d u r i n g t h e course o f t r e a t m e n t , t h e mag ­
n i t u d e of t h e effect depend ing on the m a g n i t u d e of t h e 
t empe ra tu r e change. I t has been suggested t h a t t h i s phe­
nomenon could be exp lo i t ed c l i n i ca l l y by a d m i n i s t e r i n g a 
shor t , h i g h t e m p e r a t u r e t r e a t m e n t p r i o r to a pro longed 
t r e a t m e n t a t a l ower t e m p e r a t u r e , the r eby r e d u c i n g p a i n 
and discomfort . Since t empe ra tu r e s >43 "̂ C cannot be t o l ­
e ra ted systemica l ly , a local heat boost w o u l d be r e q u i r e d t o 
t ake advantage of t h i s effect for who le body h y p e r t h e r m i a . So 
far, there is no evidence t h a t t i m i o r cells are d i f f e rent l y 
sensit ized by step-dovra h e a t i n g t h a n n o r m a l cells. 

Effect of Hyperthermia on Tumors 

I t was i n i t i a l l y t h o u g h t t h a t t u m o r cells have i n t r i n s i c a l l y 
h i ghe r hea t s ens i t i v i t y them n o r m a l cells, b u t t h i s is no t 
u n i v e r s a l l y t r u e . A l t h o u g h some neoplast ic cel ls are more 
sens i t i ve t o heat t h a n t h e i r n o r m a l coun te rpa r t s , t h i s 
appears to be t h e case a t t empe ra tu r e s h i ghe r t h a n those 
used i n systemic h y p e r t h e r m i a . T u m o r s in vivo, on the 
o the r h a n d , o f ten do have a h i ghe r t h e r m a l s ens i t i v i t y t h a n 
n o r m a l t issues because of a b n o r m a l vascu la tu re (reduced 
b lood flow), anaerobic me tabo l i sm (acidosis), and n u t r i e n t 
dep l e t i on . D u e to t h e i r t o r t u o u s and poor ly cons t ruc ted 
vascu la tu re , t u m o r s have poor per fus ion , t h u s hea t dis­
s i pa t i on by convect ion is reduced. A t h i g h t empe ra tu r e s 
(43 °C a n d up ) t h i s means t h a t t u m o r s become a heat 
reservo i r w i t h a consequent r ise i n t e m p e r a t u r e , w h i c h 
i f m a i n t a i n e d for too l o n g damages t h e m i c r o c i r cu l a t i on 
a n d f u r t h e r i m p a i r s convect ive heat loss. A l so increased 
fibrinogen depos i t i on a t damaged sites i n t h e vascu lar w a l l 
leads to e lus ion o f t u m o r microvessels. S i gn i f i cant h e a t i n g 
of the t u m o r cells r esu l t s , w h i c h m a y be d i r e c t l y cytotoxic . 
A d d i t i o n a l l y , t h e i m p a i r e d b lood flow b r ings about acidosis, 
increased hypox i a and energy dep le t i on a l l o f w h i c h 
increase t h e heat s ens i t i v i t y of t u m o r cells (8). A t l ower 
t empe ra tu r e s , t y p i c a l of those achieved i n whole-body 
h y p e r t h e r m i a , b lood flow increases (9) t h o u g h t h e mechan­
i s m is no t w e l l unders tood . Fo r these reasons, a long w i t h 
t h e h i s to r i ca l evidence for a n t i t u m o r effects of fever a n d t h e 
metas ta t i c n a t u r e o f maUgnant disease, cancer has become 
the m a i n focus of systemic h y p e r t h e r m i a . 

Systemic h y p e r t h e r m i a r esu l t s i n increased de l i very o f 
d rugs to t u m o r sites because o f increased systemic blood 
flow. I t can also increase blood vessel p e r m e a b i l i t y by 
i nc r eas ing t h e effective pore size be tween t h e loosely b o u n d 
endo the l i a l cel ls f o r m i n g t u m o r microvessels, p e r m i t t i n g 
l a rger molecules, such as nanopar t i c l es a n d gene t h e r a p y 
vectors, t o pass i n t o t h e i n t e r s t i t i u m (10). F i g u r e 3 shows 
increased u p t a k e o f 210 n m l iposomes i n r a t breast t u m o r s 
a f ter 1 h o f 41.5 whole-body h y p e r t h e r m i a . H e a t m a y 
also be tox ic t o endotheUal cel ls, r e s u l t i n g i n a t r a n s i e n t 
n o r m a l i z a t i o n o f vascu lar a r ch i t e c tu r e and i m p r o v e m e n t 
i n b lood flow (11). A n o t h e r b a r r i e r to d r u g de l i ve ry is the 
h i g h i n t e r s t i t i a l pressure of m a n y t u m o r s . Since who le -
body h y p e r t h e r m i a , even a t fever-range t empe ra tu r e s , 
causes cel l d e a t h (apoptosis and necrosis) w i t h i n t u m o r s 
i t reduces the oncotic pressure a l l o w i n g greater p ene t ra t i on 
o f large molecules. Table 3 summar i z es the in terac t ions o f 
systemic h y p e r t h e r m i a w h i c h fac i l i ta te nanopar t i c l e de l iv ­
e ry t o t u m o r s . 

Table 3. Whole-Body Hyperthermia Faci l i tates Nanoparticle Therapy 

Heat Interaction Therapeutic Effect 

T Blood flow 
T I n endotheUal gap size 
T Endothelial cell apoptosis/necrosis —* transient normedization of vasculature 
I Tumor cell apoptosis/necrosis J, oncotic pressure 
Temperature-dependent T i n permeability of liposome bilayer 
Cellular and molecular effects i n tumor 
Direct interactions w i th drug 

I Nanoparticle delivery to tumor 
T Nanoparticles in interst i t ium 
t Nanoparticles in interst i t ium 
t Nanoparticles in interst i t ium 
T And synchronization of drug release 
t Drug in tumor cell T drug efficacy 
t Drug efficacy 



50 HYPERTHERMIA, SYSTEMIC 

Whole-Body Hyperthermia and the Immune System 

A n increase i n ambient t empera ture can serve as a natm*al 
t r igger to the i m m u n e system and i t appears t h a t the t h e r m a l 
microenv i ronment plays a c r i t i ca l role i n r egu la t ing events i n 
the i m m u n e response. The ear ly w o r k of Coley on cancer 
therapy w i t h infectious pyrogens impl i ca ted fever-induced 
i m m u n e s t imu la t i on as the mediator o f t u m o r responses (1). 
Wh i l e there have been numerous in vitro studies of the effect 
of t empera ture on components of the i m m u n e system, i n d i ­
ca t ing t h a t the t h e r m a l m i h e u regulates T lymphocytes, 
n a t u r a l k i l l e r (NK ) cells, and dendr i t i c cells P C ) , in vivo 
examinat ions of the immxme effects o f systemic hype r the r ­
m i a are re la t i ve ly few. I n i t i a l a n i m a l mode l studies con­
c luded t h a t whole-body h y p e r t h e r m i a r esu l t ed i n 
immunosuppress ion , b u t h i g h t empera tures were used, 
t u m o r s were most l y immunogen ic , and i m m u n e response 
was mere ly in f e r red f r om the incidence o f metas ta t i c spread 
ra the r t h a n f r om measurement of specific m a r k e r s o f 
i m m u n e sys tem a c t i v a t i o n . T h e m a j o r i t y o f m vivo s tud i e s 
i n a n i m a l s p rov ide evidence o f a nonspeci f ic host r eac t i on 
i n response to h y p e r t h e r m i a i n w h i c h b o t h T a n d B 
l ymphocy tes , as w e l l as macrophages , are i n v o l v e d (12). 
A l t h o u g h N K cel ls are i n t r i n s i c a l l y m o r e sens i t i ve in vitro 
to hea t t h a n B a n d T cells, t h e i r a c t i v a t i o n b y sys temic 
h y p e r t h e r m i a has been observed. M i c r o w a v e i n d u c e d 
whole-body h y p e r t h e r m i a o f u n r e s t r a i n e d , u n a n e s t h e -
t i z ed mice a t 39 .5 -40 C for 30 m i n , t h r e e or s ix t i m e s 
week ly , r e s u l t e d i n increased N K ce l l a c t i v i t y a n d reduced 
p u l m o n a r y metas tas i s i n t u m o r - b e a r i n g mice , b u t none i n 
n o r m a l mice (13). Ev idence for h y p e r t h e r m i a - i n d u c e d 
h u m a n t u m o r l ys i s by I L - 2 s t i m u l a t e d N K cel ls a c t i v a t e d 
by HSP72 express ion also ex ists (14). Increased n u m b e r s 
of l ymphocy t e - l i k e cel ls, macrophages , a n d g ranu l o cy t e s 
are observed i n t h e t u m o r v a s c u l a t u r e a n d i n t h e t u m o r 
s t r o m a of xenogra f ts a n d syngeneic t u m o r s i n mice i m m e ­
d ia t e l y f o l l o w i n g a m i l d h y p e r t h e r m i a exposure for 6 - 8 h . 
I n t h e S C I D mouse/human t u m o r s ys t em t u m o r ce l l 
apoptosis seen f o l l o w i n g t r e a t m e n t was due l a r g e l y to 
the a c t i v i t y o f N K cel ls. T h e i n v e s t i g a t o r s hypo thes i ze 
heat d i l a t a t i o n o f b lood vessels a n d increased vessel per­
m e a b i l i t y m a y also g ive i m m u n e effector cel ls g r ea t e r 
access t o t h e i n t e r i o r o f t u m o r s (15). I n balb/C mice , 
fever-range whole-body h y p e r t h e r m i a increased l y m p h o ­
cyte t r a f f i c k i n g , r e s u l t i n g i n ea r l y responsiveness to a n t i ­
gen cha l l enge (16). T h u s sys temic h y p e r t h e r m i a m a y be 
a n effective, non tox i c a d j u v a n t to i m m u n o t h e r a p y . 

A recent c l in i ca l s t u d y examined t h e effect o f who le -
body h y p e r t h e r m i a combined w i t h chemotherapy o n t h e 
expression u p t o 48 h l a t e r o f a b road range o f a c t i v a t i on 
m a r k e r s on p e r i p h e r a l blood l ymphocytes , as w e l l as s e r u m 
cytokines a n d i n t r a c e l l u l a r cy tok ine levels i n T cells, a n d 
the capacity of these cells to pro l i f e ra te . I m m e d i a t e l y a f ter 
t r e a t m e n t w i t h 60 m i n o f 41.8 X W B H as a n ad junc t to 
chemotherapy, a d ras t i c b u t t r a n s i e n t , increase i n p e r i p h ­
e ra l N K cells and CD56- f cytotoxic T l ymphocy tes was 
observed i n the pa t i en t s ' p e r i p h e r a l blood. T h e n u m b e r 
of T cells t h e n br i e f l y d ropped be low basel ine levels, a 
phenomeonon t h a t has also been observed by o thers (17). 
A m a r k e d , b u t shor t - l i v ed , increase i n t h e pa t i en t s ' s e r u m 
levels of i n t e r l e u k i n - 6 ( IL-6) was also noted . S i gn i f i c an t l y 

increased s e r u m levels o f t i m i o r necrosis fac tor -a lpha 
(TNF-a lpha ) were f o u n d a t 0, 3, 5 a n d 24 h pos t t r ea tmen t . 
F u r t h e r i n m i u n o l o g i c a l consequences of the t r e a t m e n t 
consisted o f a n increase i n t h e percentage o f p e r i p h e r a l 
cytotox ic T l ymphocy tes express ing CD56 , r e a c h i n g a max ­
i m u m a t 48 h p o s t - W ^ H . F u r t h e r m o r e , t h e percentage o f 
C D 4 + T cells express ing t h e T ce l l a c t i v a t i on m a r k e r CD69 
increased n e a r l y two f o l d over t i m e , r e a c h i n g i t s m a x i m u m 
at 48 h . Since s i m i l a r changes were no t observed i n 
pa t i en t s r ece i v ing chemothe rapy alone, t h i s s t u d y pro­
v i d ed s t r o n g evidence for pro longed a c t i v a t i on o f h u m a n 
T cells i nduced by whole-body h y p e r t h e r m i a combined w i t h 
chemothe rapy (18). 

A c t i v a t i o n o f monocytes has been observed f o l l o w i n g h o t 
w a t e r b a t h i m m e r s i o n such t h a t response to endo tox in 
s t i m u l a t i o n is enhanced w i t h concomi tan t release o f 
T N F - a . Macrophage a c t i v a t i on a n d subsequent l ysosomal 
exocytosis we re observed i n t h e case o f a p a t i e n t t r e a t e d for 
l i v e r metastases by h y p e r t h e r m i a . Lysosomal exocytosis 
i nduced by heat m a y be a n i m p o r t a n t basic r eac t i on o f t h e 
body aga ins t bac ter ia , v i ruses , a n d t u m o r g r o w t h a n d was 
proposed as a n ew m e c h a n i s m o f t h e r m a l l y i nduced t u m o r 
cel l d e a t h m e d i a t e d by a n i m m u n e r eac t i on (19). 

Severa l inves t i ga to rs have suggested t h a t t h e i m m u n e 
changes seen d u r i n g in vivo whole-body h y p e r t h e r m i a are 
med i a t ed by e levat ions i n the p l a sma concentra t ions of 
e i the r catecholamines, g r o w t h hormone, or beta-endorphins . 
I n vo l imtee rs immersed i n a heated wa t e r b a t h , ne i the r 
r e c r u i t m e n t o f N K cells to the blood, nor the percentages 
or concentrat ions o f any o ther subpopulat ions o f blood mono­
nuc l ea r cells we re a l tered by hormone blockade. However , 
somatos ta t in p a r t l y abol ished the h y p e r t h e r m i a induced 
increeise i n n e u t r o p h i l n u m b e r . Based o n these da ta and 
prev ious resu l t s show ing t h a t g r o w t h hormone in fus i on 
increases t h e concent ra t ion o f n eu t r oph i l s i n the blood, i t 
was suggested t h a t g r o w t h h o r m o n e is a t l east p a r t l y 
respons ib le fo r h y p e r t h e r m i a i n d u c e d n e u t r o p h i l increase. 
A s i m i l a r s t u d y suggested t h a t h y p e r t h e r m i c i n d u c t i o n 
o f T l ymphocy t e s a n d N K cel ls is due t o increased secre­
t i o n o f s omato t r op i c h o r m o n e (7). 

T h e p e r i p h e r a l b lood l eve l o f p r o s t a g l a n d i n E 2 ( P G E 2 ) , 
w h i c h m a y act as a n angiogenic sw i t ch , t r a n s f o r m i n g a 
local ized t u m o r i n t o a n invas i ve one by s t i m u l a t i n g new 
b lood vessel g r o w t h , a n d w h i c h also has a n i m m u n o s u p ­
pressive effect, is e levated i n pa t i en t s w i t h t u m o r s com­
pared t o h e a l t h y c o n t r o l subjects. I n a c l i n i ca l s tudy of 
cancer pa t i en t s r ece i v ing 1-2 h o f 41 .8-42.5 °C whole-body 
h y p e r t h e r m i a , or ex t racorporea l h y p e r t h e r m i a , b lood 
levels of P G E 2 decreased m a r k e d l y a f ter t r e a t m e n t a n d 
cor re la ted w i t h t u m o r response (20). 

I n a d d i t i o n to t h e i r ro l e as pro tec tors o f u n f o l d i n g 
p ro t e ins , e x t r a c e l l u l a r hea t shock p ro t e ins (HSP) can act 
s imu l t aneous l y as a source o f an t i g en due to t h e i r ab iHty t o 
chaperone pept ides a n d as a m a t u r a t i o n s i gna l for d e n d r i ­
t i c cel ls, t h e r eby i n d u c i n g d end r i t i c cel ls t o cross-present 
an t i gens to CD8-I- T cel ls (21). H e a t shock p ro t e ins can also 
act i ndependen t l y f r o m associated pept ides, s t i m u l a t i n g 
t h e i n n a t e i m m u n e sys t em by e l i c i t i n g po t en t p r o i n f l a m ­
m a t o r y responses i n i n n a t e i m m u n e cells. T h e heat shock 
response also i n h i b i t s cyclooxygenase-2 gene express ion a t 
t h e t r a n s c r i p t i o n a l l eve l b y p r e v e n t i n g t h e ac t i va t i on o f 
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nuc l ear fac tor -kappaB ( N F K B ) (22). T h e r m a l u p r e g u l a t i o n 
of HSPs (HSP70 and H S P l l O ) is s t rongest i n l y m p h o i d 
t issues and may re la te to t h e enhanced i m m u n e responses 
t h a t are observed d u r i n g febr i l e t empe ra tu r es . I t has been 
proposed t h a t local necrosis i nduced by h y p e r t h e r m i c 
t r e a t m e n t induces the release o f HSPs, fo l lowed by u p t a k e , 
processing a n d p resen ta t i on o f associated pept ides by den­
d r i t i c cells. B y a c t i ng as chaperones a n d as a s i gna l for 
dendr i t i c cel l m a t u r a t i o n , HSP70 m i g h t e f f i c ient ly p r i m e 
c i r c u l a t i n g T cells. There fore , u p r e g u l a t i n g HSP70 a n d 
caus ing local necrosis i n t u m o r t i ssue by h y p e r t h e r m i a 
offers great po t en t i a l as a new approach to d i r e c t l y ac t i va te 
the i m m u n e system, as w e l l as to enhance o the r i m m u ­
notherap ies (23,24). 

CLINICAL TOXICITIES O F W H O L E - B O D Y HYPERTHERMIA 
TREATMENT 

A t fever-range t empera tu res , adverse effects of systemic 
h y p e r t h e r m i a t r e a t m e n t are m i n i m a l however, a t h i ghe r 
t empera tures they can be s ign i f i cant , even f a t a l . O n the 
o ther h a n d , t h e teratogenic effects ( b i r t h defects, s t i l l 
b i r t h s , spontaneous abort ions ) and C u l a r damage (catar­
act induc t i on ) r e s u l t i n g f r o m e lec t romagnet ic fields used i n 
local h y p e r t h e r m i a are no t seen i n systemic h y p e r t h e r m i a . 
T h e tremsient ca rd io resp i ra to ry effects o f e levated t e m ­
pe ra tu r e can, however, l ead to severe t ox i c i t y . E l e va t ed 
hea r t ra te , especial ly a t h i g h t empe ra tu r e s m a y r e s u l t i n 
a r r y t h m i a s or ischemic h e a r t f a i l u r e , consequent ly 
pa t i en ts have to be very care fu l ly screened w i t h r ega rd 
to t h e i r cardiac s ta tus . Be ta b lockade has genera l l y been 
found to be de leter ious a l t h o u g h in fus i on o f esmolo l has 
been safely ca r r i ed o u t (25). P u l m o n a r y hype r t ens i on and 
edema due to cap i l l a r y l eak m a y also be seen, b u t l i k e t h e 
cardiac effects, these r e t u r n to basel ine a few h o u r s a f ter 
t r e a t m e n t . Increased s e r u m hepat ic enzymes have been 
noted, b u t these may be cancer r e la ted . A l l these tox i c i t i e s 
are less preva l en t or less severe w i t h r a d i a n t heat systems, 
p a r t i c u l a r l y a t l ower t empera tu res , and w h e n l i g h t con­
scious sedat ion is used r a t h e r t h a n genera l anesthes ia . Fo r 
example , decreased p la te l e t count , decreased p l a sma fibri­
nogen, and o ther factors l e ad ing to increased blood c l o t t i n g 
have been noted, p a r t i c u l a r l y i n ex t ra -corporea l hyper ­
t h e r m i a , b u t also v r i t h o the r methods o f h e a t i n g c a r r i e d 
ou t u n d e r i n h a l a t i o n - a d m i n i s t e r e d anesthes ia d rugs . 
O n the o ther h a n d , w i t h whole-body h y p e r t h e r m i a u n d e r 
conscious sedat ion th e r e is no evidence o f p l a t e l e t 
drops (26) a n d a n i m a l s tud ies even show p la te l e t s t i m u l a ­
t i o n p r o v i d i n g pro tec t i on aga inst r a d i a t i o n induced 
thrombocy topen ia . 

Since systemic h y p e r t h e r m i a is a lmost never used as a 
s ingle t r e a t m e n t moda l i t y , i t is i m p o r t a n t to recognize t h a t 
whole-body h y p e r t h e r m i a combined w i t h r a d i a t i o n and 
chemotherapy can enhance some o f the tox ic i t i es asso­
ciated w i t h these moda l i t i es . Fo r example , t h e ca rd io tox i -
c i t y of doxorub i c in a n d b o t h t h e r e n a l t o x i c i t y a n d 
hemato log ica l t o x i c i t y of p l a t i n u m agents m a y increase 
u n d e r h y p e r t h e r m i a (27), w h i l e the musc le a n d p e r i p h e r a l 
nervous system effects o f r a d i a t i o n a n d some d rugs can also 
be enhanced (28). Bone m a r r o w suppress ion is t h e l i m i t i n g 

t o x i c i t y o f m a n y chemothe rapy d r u g s b u t t h e r e is l i t t l e d a t a 
t o suggest t h a t who l e body h y p e r t h e r m i a exacerbates t h i s 
effect. O n t h e c on t ra r y , t h e synergy of h y p e r t h e r m i a w i t h 
severa l chemothe rapy agents m a y m e a n t h a t l ower doses 
can be used, r e s u l t i n g i n less t ox i c i t y . For example , sys­
t emic h y p e r t h e r m i a combined w i t h c a rbop l a t i n achieves 
the rapeu t i c r e su l t s w i t h o u t e l evat ion o f mye losuppress ion 
a n d responses have occurred a t l ower t h a n n o r m a l doses 
(29). Pressure sores can easi ly develop a t e levated 
t e m p e r a t u r e s t h u s care m u s t be t a k e n no t on l y i n p a t i e n t 
p lacement a n d suppor t , b u t also w i t h appUcat ion o f mon­
i t o r i n g devices. I f heat d i s s ipa t i on is loca l ly i m p a i r e d , for 
example , a t p ressure po in t s , h o t spots occur t h a t can l ead to 
b u r n s . T h i s is r a r e l y a p r ob l em w i t h fever-range who le -
body h y p e r t h e r m i a , b u t i n anesthet i zed pa t i en t s under ­
go ing h i g h heat r eg imens b u m s are no t uncommon . 

F o l l o w i n g systemic h y p e r t h e r m i a t r e a t m e n t s , ma la i se 
a n d l e tha rgy are a lmos t u n i v e r s a l l y exper ienced a l t h o u g h 
these m a y be counterac ted by p a i n r e l i e f a n d a sense o f 
we l l - be ing due t o released endorph ins . However , t h e faster 
t h e t a r g e t t e m p e r a t u r e is reached, the less the exhaus t i on 
(6), t h u s a t t e n t i o n to m i n i m i z i n g heat d i s s ipa t i on d u r i n g 
t h e hea t -up phase a n d u s i n g ef f ic ient h e a t i n g devices, such 
as those t h a t generate heat by several mechan isms (e.g., 
r a d i a n t hea t a n d EiA fields), add a r e g i ona l heat boost, or 
produce nea r - IR r a d i a t i o n t h a t is pre fe rent iaUy absorbed, 
is advantageous to p a t i e n t w e l l be ing. Fever a f ter t r e a t ­
m e n t i n t h e absence o f in fec t ious disease is no t u n c o m m o n 
a n d m a y be associated w i t h a n i n f l a m m a t o r y response to 
t u m o r regression. Nausea a n d v o m i t i n g d u r i n g t h e first 
couple of days a f ter t r e a t m e n t are also common. O u t b r e a k s 
o f herpes s imp lex (cold sores) i n suscept ible i n d i v i d u a l s 
have also been no ted , b u t are easi ly resolved w i t h acyclovir . 

THERMAL DOSE 

T h e d e f i n i t i o n o f dose for systemic h y p e r t h e r m i a is proble­
ma t i c . A n appUed dose w o u l d be t h e a m o u n t o f hea t energy 
generated or deUvered to the body b u t even i f i t can be 
measured , t h i s q u a n t i t y does n o t p r ed i c t b io log ica l effects. 
B y ana logy w i t h i o n i z i n g r a d i a t i o n , t h e absorbed dose 
w o u l d be a m o u n t o f t h e r m a l energy absorbed per u n i t 
mass o f t issue ( J k g ^), however , t h i s is n o t a q u a n t i t y 
t h a t can be r ead i l y measured , or cont ro l l ed , n e i t h e r w o u l d 
i t necessar i ly p red i c t b io log ica l effects. A s ind i ca t ed i n the 
prev ious sections, t h e effects o f systemic h y p e r t h e r m i a 
depend on ( i ) t h e t e m p e r a t u r e , and (2) t h e d u r a t i o n o f 
h ea t i ng , b u t no t o n t h e energy r equ i r ed to produce t h e 
t e m p e r a t u r e r ise . T h i s leads to the concept o f t i m e a t a 
g i v en t e m p e r a t u r e as a p ra c t i c a l measure o f dose. I n 
r e a l i t y , however , t e m p e r a t u r e is se ldom constant t h r o u g h ­
o u t a t r e a t m e n t , even i n t h e p l a t e a u phase o f systemic 
h y p e r t h e r m i a , so t i m e a t t e m p e r a t u r e is a t best a c rude 
measure . Nonetheless, i t is the one t h a t is used mos t o f ten 
cUnica l ly for whole-body h y p e r t h e r m i a because o f i t s s i m ­
p l i c i t y . IdeaUy, t h e dose pa rame t e r shou ld aUow for com­
p a r i s o n o f t r e a t m e n t s a t d i f f e ren t t empera tures . Based o n 
t h e A r r h e n i u s r e l a t i o n s h i p a n d measured ce l l g r o w t h i n h i ­
b i t i o n curves , t h e h e a t i n g t i m e a t a g i v en t e m p e r a t u r e 
re la t i ve to the h e a t i n g t i m e a t a s t anda rd t empe ra tu r e or 
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t h e r m a l dose equ iva lent (TDE) , was def ined emp i r i ca l l y as, 

Ti=t2-R^^'-'^'^ (10) 

A d i scont inu i t y occurs i n the t empe ra tu r e - t ime curves 
between 42 and 43 °C for b o t h cells i n c u l t u r e and heated 
tissues, t h u s the va lue o f changes for t empera tures above 
the t r a n s i t i o n : i2 ~ 2 < 42.5 " C a n d f i - 5 > 42.5 "C in vitro 
w h i l e for in vivo h ea t i ng studies, R = 2.1 be low the t r a n s i ­
t i o n t empera tu re and 6.4 above 42.5 ''C. I n pract ice, a finite 
t i m e is r equ i r ed for the body or t issue o f in t e res t t o reach the 
ta rge t temperatin-e, t e m p e r a t u r e f luctuates even af ter the 
ta rge t t empera tu re is reached, and the re is a coo l ing per i od 
after hea t ing ceases. I f t he t empe ra tu r e is measured fre­
quent l y t h r o u g h o u t t r ea tmen t , the t e m p e r a t u r e - t i m e 
curves can be in t eg ra t ed t o prov ide the acc imiu la ted ther ­
m a l dose t h a t produces a n equ iva lent effect t o t h a t r e s u l t i n g 
from ho l d ing t h e ce l ls- t issue a t a constant reference t em-
peratiu-e for a g i ven a per i od o f t ime ; 

t4S = jR^^-'^^'^dt (11) 

tl 

where and tf are the i n i t i a l and final t imes o f the h e a t i n g 
procedure (30). T h i s t h e r m a l isoeffect dose (T ID ) is usua l l y 
expressed i n m i n u t e s is sometimes k n o w n as the t d m 4 3 or 
the cumu la t i v e equ iva l ent m i n u t e s ( G E M 43 °C). W h i l e a 
biological factor has now been b u i l t i n to the dose measure, 
and the in teg ra ted T I D a l lows for t e m p e r a t u r e va r i a t i ons 
d u r i n g heat-up and cool-down phases, i t does no t t ake i n t o 
account t h e r m a l tolerance and step-down sensi t i zat ion. N o r 
is i t p a r t i c u l a r l y re l evant to cHnical whole-body hype r the r ­
m i a where m u l t i p l e phys i ca l a n d biological effects combine 
i n a complex m a n n e r a l t h o u ^ for a g i ven pa t i en t , t i m e -
t empera ture prof i les are genera l ly reproduc ib le f r o m one 
t r e a t m e n t t o another . A f u r t h e r modi f i ca t ion a t t empts to 
t ake i n t o account t empe ra tu r e inhomogene i ty t h r o u g h t h e 
measurement of t empe ra tu r e a t m u l t i p l e sites a n d de f in ing 
T90, namely , t h a t t e m p e r a t u r e exceeded by 9 0 % o f t h e 
measurements (or corresponding ly 20%: T20 ; o r 50%: 
T50) . The T I D is t h e n expressed as c u m u l a t i v e equ iva l ent 
m inu t e s t h a t T90 is equal t o 43 ( G E M 43 °C T90) (31). 

T h e eff iciency o f ad juvan t h y p e r t h e r m i a i n e n h a n c i n g 
t h e b io log ica l effectiveness o f o the r t r e a t m e n t s is o f t en 
r epor t ed i n t e r m s of t h e t h e r m a l enhancement factor 
(TEF) o r t h e r m a l enhancement r a t i o (TER) . T h i s q u a n t i t y 
is def ined i n t e r m s o f t h e isoeffect dose as, 

dose o f t r e a t m e n t to achieve 

^ tg i^ ^ a g i v en endpo in t .^g. 
dose o f t r e a t m e n t w i t h heat 

t o achieve t h e same endpo in t 

I n cUnica l and l abo ra t o r y s tud ies , t h e T E R is o f t en 
computed o n the basis of isodose r a t h e r t h a n isoeffect, 
for example , i n t h e case of h y p e r t h e r m i a p l u s d r u g 
induced ar res t o f t u m o r g r o w t h , T E R = T G D H T / T G T R T , 
w h e r e T G D H T i s t h e t u m o r g r o w t h d e l a y d u e t o 
h y p e r t h e r m i a p l u s chemothe rapy , a n d T G T R T is t h e 
t u m o r g r o w t h delay r e s u l t i n g f r o m chemothe rapy a t r o o m 
t empera tu r e . S i m i l a r l y , t h e e n h a n c i n g effect o f h y p e r t h e r ­

m i a o n r a d i a t i o n t r e a t m e n t m a y be expressed t h r o u g h 
T E R - DOHT/DORT or T E R - L D 5 0 H T / L D 5 0 R T , w h e r e DO 
is t h e t i m e r e q u i r e d to reduce s u r v i v a l to 1/c o f i t s i n i t i a l 
va lue , a n d L D 5 0 is the l e t h a l dose t o 5 0 % o f cel ls. 

TEMPERATURE MEASUREMENT 

Since systemic h y p e r t h e r m i a achieves a u n i f o r m tempera ­
t u r e d i s t r i b u t i o n , except for possible p a r t i a l sanc tuary sites, 
t h e r m o m e t r y for systemic h y p e r t h e r m i a is m u c h less cha l ­
l eng ing t h a n for reg iona l or i n t r a c a v i t a r y h y p e r t h e r m i a , b u t 
i t is s t i l l i m p o r t a n t to p revent adverse effects, especially 
b u m s . Also, convect ion can induce steep t h e r m a l grad ients , 
especially a r o u n d major blood vessels, so t h a t care ful place­
m e n t o f t e m p e r a t u r e probes is r equ i r ed . Mos t p rac t i t i oners 
o f whole-body h y p e r t h e r m i a measure t empe ra tu r e i n sev­
e ra l locations, t yp i ca l l y the r e c t u m , the esophagus, and a t 
several s k i n sites. D u r i n g heat -up, t h e esophageal t empera ­
t u r e is u s u a l l y 1—2 "C h i ghe r t h a n the rec ta l t empera ture , 
b u t d u r i n g p l a t eau phase i t drops t o 0.5-1.5 "C below t h e 
r e c ta l t empera ture . Con t inuous a n d acciu-ate t empe ra tu r e 
measurement is p a r t i c u l a r l y i m p o r t a n t w h e n t empera tures 
>41°C are to be achieved, as c r i t i ca l , l i f e - threa ten ing 
changes can occur i n m i n u t e s or even seconds a n d over 
changes i n t empe ra tu r e o f as l i t t l e as 0.1-0.2 "̂ C because of 
t h e non l inea r response to t empera ture . For moderate t e m ­
pe ra tu r e systemic h y p e r t h e r m i a , t empe ra tu r e measure­
m e n t to w i t h i n 0.1 °C is u s u a l l y adequate, b u t a prec is ion 
o f 0.01 is desirable w h e n hea t i ng to > 4 1 ''G and also 
a l lows d e t e r m i n a t i o n o f the specific absorpt ion r a t e f r o m the 
slope o f the t e m p e r a t u r e versus t i m e curve. T h e t empera ­
t u r e m e a s u r i n g device m u s t be insens i t i ve t o a l l o ther 
inf luences, such as amb i en t t empera tu re , mo i s tu re , nearby 
e lectromagnet ic fields, and so on and sat i s fy ing t h i s c r i t e r ­
i on can be d i f f i cu l t . F r equen t ca l i b ra t i on o f the rmomete r s i n 
t h e w o r k i n g range o f t empera tures is i m p o r t a n t since some 
the rmomete r s appear fine a t 30 "G, b u t d r i f t subs tan t i a l l y a t 
40 °C a n d above. S t r i ngen t q u a l i t y contro l o f any the rmo­
m e t r y system is r e qu i r ed to m o n i t o r accuracy, prec is ion, 
s tab i l i t y , a n d response t i m e . 

Tab le 4 summar i z e s t h e d i f f e ren t types o f t h e r m o m e t e r 
probes ava i lab le for i n t e m a l a n d e x t e m a l body t empera ­
t u r e measurements , a n d t h e i r r e l a t i v e m e r i t s and d isad­
vantages for systemic h y p e r t h e r m i a . T h e r m i s t o r s are most 
o f t en used for s t a n d a r d t e m p e r a t u r e m o n i t o r i n g s i tes w h i l e 
the rmocoup les are used for t u m o r or o the r i n t r a - t i s sue 
measurements . Recent ly , non invas i v e methods o f t e m ­
p e r a t u r e measuremen t have been developed t h a t are 
b e g i n n i n g t o see app l i c a t i on i n h y p e r t h e r m i a . The rmog ra ­
p h y prov ides a two -d imens i ona l (2D) m a p of surface t e m ­
p e r a t u r e by measuremen t of i n f r a r e d emiss ion f r o m t h e 
body, t h o u g h deep-seated ho t s t r u c t u r e s m a y be v i sua l i z ed 
because o f hea t c a r r i ed by b lood flow f r o m t h e i n t e r i o r heat 
source to t h e s k i n . I t is use fu l t o detect s k i n hotspots a n d 
there fore i n b u m p r e v en t i on . Since t empe ra tu r e - i nduced 
changes i n t h e mechan i ca l p roper t i es o f t issue l ead to 
a l t e r ed u l t r a s o u n d p ropaga t i on ve loc i ty , m a p p i n g o f u l t r a ­
s ound ve loc i ty can also p rov ide a v i s u a l m a p of t empera ­
t u r e . Tomograph i c r e c o n s t m c t i o n of 2 D or 3 D t e m p e r a t u r e 
is theo re t i ca l l y possible, b u t i t is d i f f i cu l t i n pract ice 
because of the he terogene i ty of t i ssue character i s t i cs . A 



Table 4. Temperatures Probes for Systemic Hyperthermia 

Probe Type Measurement Principle Accuracy Sensitivity Stability Advantages or Disadvantages 

Clinical Expansion of mercury or 
alcohol i n glass 

Moderate < 0.1 "C Low High Large size, inflexible. Slow response. 

Platinum resistance Linear resistance change High - 0.02 °C Used as standard for Expensive. Difficult to calibrate. Large size. 
thermometer w i th temperature calibration 

of other types 
of thermometers. 

Sensitive to shock. 

Thermocouple Seebeck effect: temperature 
dependent voltage 

Moderate < 0.1 "C Moderate to 
high 

Moderate Small sensor. Nonlinear voltage 
change w i th temp. Sensitive to EM 

difference between two fields. Can't handle steep temp, gradients. 
conductors made of different 

fields. Can't handle steep temp, gradients. 

metals 
Thermistor (e.g., Inverse relationship between High < 0.05 "C High Poor Require frequent Short time constant. Not interchangeable. 

Bowman temperature recalibration Sensitive to E M fields. 
Loop Larsen probe) and semiconductor resistance 

GaAs Temperature specific absorption Moderate Low Small size 
Optical (fiber optic probe): Change w/temp.: Not sensitive to EM fields. Small size. 
LCD birefringent crystal Color reflectance Low Low Unstable 

fluorescent phosphor 
Refraction of polarized l ight 
Decay of fluorescence Very high 

Low 



Table 5. Summary of C l in ica l Tr ia l s of Whole-Body Hyperthermia" 

First Author 
Public Study 

Year Type 
Number of Disease 

Patients Protocol Result of WBH 
Reference, 

PMID 

WBH Alone 
KraybUl, W.G. 

Steinhausen, D. 

2002 Phase I 

1994 Phase I 

WBH + Chemotherapy 
Bakshandeh, A. 2003 Phase I I 

Bu l l , J .M. 

Bul l , J .M. 

Bu l l . J .M. 

Douwes, F. 

Engelhardt, R. 

Guan, J . 

1992 Phase I I 

2002 Phase I 

2004 Phase I 

2004 Pilot 

1990 Pilot 

2005 Phase I I 

Hegewisch-Becker, S. 2002 Phase I I 

HUdebrandt, B. 2004 Phase I/U 

103 

25 

17 

13 

33 

21 

23 

32 

41 

28 

Advanced solid tumors 

Advanced refractory or 
recurrent cancers 

Nonmetastatic mtdignant 
pleural mesothelioma 

Advanced metastatic 
sarcoma 

Various chemotherapy 
resistant cancers 

Advanced metastatic 
cancers (GI, breast, 
head and neck, sarcoma, 
neuroendocrine) 

Ovarian cancer 

Advance metastatic 
melanoma 

Advanced cancers 

Pretreated advanced 
metastatic 
colorectal cancer 

Metastatic colorectal 
cancer 

3-6 h at 39.5-40.0 °C 

1 h at 41.8 C 
+ hyperglycemia 
-(- hyperoxemia 

1 h at 41.8 "C + ifosfamide 
+ carboplatin + etoposide 

2 h at 41.8-42.0 ^C + BCNU 

6 h at 40.0 °C -t- doxil + 5-FU 
+ metronomic interferon-a 

6 h at 40.0 'C + cisplatin 
+ gemcitabine 
+ interferon-a 

1-2 h at 41.5-42.0 °C 
+ cisplatin 
or carboplatin 
+ hyperglycemia 

1 h at 41.0 "C + cisplatin 
+ doxorubicin 

1 h at 41.8 + oxaliplatin 
+ leucovorin + 5FU 

1 h at 41.8-42.1 °C 
+ hyperglycemia 
-I- hyperoxemia 
+ folinic acid + 5-FU 
-I- mitomycin C 

Well tolerated No significant 
adverse events | in circulating 
lymphocytes 

Min imal side effects 52 
responses (50%) 

Grade III/IV neutropenia and 
thrombocytopenia 5 part ia l 
remissions (20%) 

L imi t ing toxicity 
= thromboc3rtopenia 
7 responses/SD (41%) 
t survival 

Grade I I I toxicities 
9 responses/SD 

20 responses/SD (66%) T 
survival T quality of life 

18 responses/SD (86%) T 
quality of life 

Slight T i n myelotoxicity 10 
responses/SD Response rate 
= that i n l iterature for 
chemo alone 

94% responses/SD Pain 
reduction in al l pts. 
Increased KPS 
Decreased tumor markers 

No excess toxicity 31 
responses/SD 

Grade III/TV toxicities 11 
responses/SD (39%) 

16, 12028640 

8023241 

12609573 

33,1607734 

36 

15108039 

52, 2198312 

66 

55, 12181242 

44, 15204528 



Hou, K. 

Ismael-Zade, R.S. 

Kurpeshev, O.K. 

Richel, O. 

Robins, H. I . 
Robins, H. I . 

Strobl, B. 

Westermann A.M. 

Westermann A.M. 

WBH + Radiation 
Overgaard, J . 

Robins, H. I . 

2004 Phase I I 54 

2006 PUot 5 

2005 Phase I I 42 

2004 Phase I I 21 

1993 Phase I 30 
1997 Phase I 16 

2004 Phase I I 

2001 Phase I I 

2003 Phase I I 

14 

95 

1995 Randomized 70 
multicenter 

1990 Pilot 8 

Advanced cancers 

Pediatric renal cell 
carcinoma 

Various disseminated 
cancers 

Metastatic and recurrent 
cervical cancer 

Various refractory cancers 
Various refractory cancers 

Metastatic cervical cancer 

Platinum resistant 
ovarian cancer 

Metastatic sarcoma 

Metastatic melanoma 

1-2 h at 41.8-42.6 °C, 
extracorporeal 
+ chemotherapy 
vs. chemotherapy alone 

3 h at 41.8-i2.5 "C 
+ doxorubicin 
+ interferon-a 

1-2 h at 41.0-42.3 "C 
•+ poly-chemotherapy 

1 h at 41.8 "C + carboplatin 

1 h at 41.8 °C + carboplatin 
1 h at 41.8 "C -I- L-PAM 

1 h at 41.5-41.8 X + pacUtaxel 
+ carboplatin 

1 h at 41.8 'C -I- carboplatin 

1 h at 41.8 °C + ifosfamide 
-I- carboplatin + etoposide 

75.3% responses/SD 72.6% | 66 
tumor markers 70% ptun 
relief improved sleep t weight, 
appetite, KPS A l l signifly > control 
Reversible toxicities 

No complications 5 responses (100%) 15700247 

1 h at 43 "C + fractionated RT 
vs. FRT alone 

Nodular lymphoma, chronic 41.8 + TBI vs. LON + TB I 
lymphocytic leukemia 

Regression of metastases. 
Pain reduction 

Grade III/IV leucopenia, 
thrombopenia, 
anemia, renal toxicity 16 
responses/SD (76%) 

Myelotoxicity 9 responses (30%) 
Lower platelet nadir 

myelosuppression 8 
responses/SD (50%) 

Grade I I alopecia Grade III/IV 
thrombopenia, neutropenia 
t survival 

Grade IV thrombocytopenia, 
grade I I I neutropenia 9 
responses/SD (64%) 

Neutropenia, thrombocytopenia, 
infection 58 responses/SD (61%) 

Improved local tumor control, 
t survival 

8 responses/SD t survival 

57, 15581981 

53, 8355046 
48, 8996137 

58 

11378341 

50, 12759526 

41, 7776772 

24, 2182581 

"Published since 1990. 
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n u m b e r of magnet i c resonance (MR) t echn iques have been 
used for t h e r m a l m a p p i n g and B S D Med i ca l a n d S I E M E N S 
Med i ca l Systems have co l laborated to develop a h y b r i d 
h y p e r t h e r m i a / M R I system, a l t h o u g h i t is no t a whole-body 
h y p e r t h e r m i a mach ine . C u r r e n t l y , the mos t w i d e l y 
accepted M R techn ique is t h e p r o t o n resonance frequency 
(PRF) me thod t h a t exp lo i ts t h e t e m p e r a t u r e dependence o f 
the chemica l sh i f t o f wate r . U n l i k e the va lue o f t h e w a t e r 
sp in- la t t i ce r e l a xa t i on t i m e or the mo lecu la r d i f fus ion 
coefficient, b o t h of w h i c h have been used for M R I t empera ­
t u r e measurements , the t h e r m a l coeff icient r e l a t i n g t e m ­
pe ra tu r e to the wa t e r chemica l sh i f t has been s h o w n to be 
essent ia l ly independent of t issue t ype a n d phys io log ica l 
changes induced by t e m p e r a t u r e (32). Recent ly a n i n t e r ­
leaved g rad i en t echo-echo p l a n a r i m a g i n g ( iGE-EP I ) 
me thod for r a p i d , m u l t i p l a n a r t e m p e r a t u r e i m a g i n g was 
in t roduced t h a t p rov ided increased t e m p e r a t u r e cont ras t -
to-noise a n d l i p i d suppress ion w i t h o u t c o m p r o m i s i n g spa­
t i o - t empora l r eso lu t i on (33). 

CLINICAL EXPERIENCE 

Cancer 

Systemic h y p e r t h e r m i a has been used mos t l y for t r e a t m e n t 
of cancer because o f i t s p o t e n t i a l to t r e a t me tas ta t i c d is­
ease. I n i t i a l t r e a t m e n t s a imed to produce d i r ec t k i l l i n g of 
t u m o r cells based o n t h e premise , now unders tood no t to be 
un i v e r sa l l y t r u e , t h a t cancer cells are more suscept ible to 
e levated t empera tu res t h a n normed cells, a n d the h i ghe r 
the t empe ra tu r e t h e greater t h e t u m o r ce l l k i l l . M a x i m a l l y 
to l e ra ted t empera tu res of 41 .5 -42 C were there fore m a i n ­
t a ined for 1-2 h as the sole t r e a t m e n t . Response ra tes were , 
however, d i sappo in t ing . T u m o r regressions were observed 
i n less t h a n h a l f the cases, no t u m o r cures we re achieved, 
and remiss ions we re o f sho r t d u r a t i o n . I t became a p p a r e n t 
t h a t the heterogene i ty o f cel l popu la t i ons w i t h i n t u m o r s , 
a l ong w i t h m i c r o - e n v i r o n m e n t a l factors, such as blood/ 
n u t r i e n t supp ly , p H , and oxygen t ens ion p r e v en t t h e the r -
motox ic r esu l t s achieved i n the l abora to ry . Consequent ly , 
the focus of research on systemic h y p e r t h e r m i a sh i f t ed to 
u s i n g h y p e r t h e r m i a as a n ad junc t to o the r cancer t h e r a ­
pies, p r i n c i p a l l y chemotherapy a n d r ad i o the rapy . I t is 
i m p o r t a n t to note t h a t because o f t h e e x p e r i m e n t a l s t a tus 
of systemic h y p e r t h e r m i a t r e a t m e n t for cancer, a lmos t a l l 
chn i ca l t r i a l s , s u m m a r i z e d i n Tab le 5, have been pe r f o rmed 
on pat i ents w i t h advanced disease for w h o m whole-body 
h y p e r t h e r m i a , e i the r as a sole the rapy , or as a n ad junc t , is 
a t r e a t m e n t of las t resor t . I n these cases, any response 
whatsoever is o f ten r e m a r k a b l e . Nonetheless, a n u m b e r of 
h y p e r t h e r m i a centers i n Europe have d i s con t inued sys­
temic h y p e r t h e r m i a because the h i g h t e m p e r a t u r e pro to ­
cols r e qu i r ed in t ens i ve p a t i e n t care a n d l ed to unacceptable 
tox ic i t ies , especial ly i n Ught o f the efficacy a n d reduced 
tox ic i t ies of newer genera t i on chemotherap ies . Large , r a n ­
domized, m u l t i c e n t e r . Phase I I I t r i a l s are, however, needed 
to firmly es tab l ish the benef i ts of systemic h y p e r t h e r m i a i n 
con junct ion w i t h chemotherapy and r a d i a t i o n . A lso , v a l i ­
da t i on and o p t i m i z a t i o n o f fever-range t e m p e r a t u r e pro to ­
cols are m u c h needed. 

Systemic Hyperthermia and Chemotherapy. T h e bene­
ficial i n t e r a c t i o n of h y p e r t h e r m i a w i t h severa l classes o f 
chemothe rapy agents, a c t i n g v i a several mechan isms as 
s u m m a r i z e d i n Tab le 6, has s p u r r e d a v a r i e t y o f t h e r m o -
chemothe rapy r eg imens and severa l chn i ca l t r i a l s o f sys­
t emic h y p e r t h e r m i a and chemothe rapy are ongoing. W h i l e 
t h e r esu l t s have been m i x e d , e levated response rates were 
recorded i n t h e t r e a t m e n t o f sarcoma w h e n systemic 
h y p e r t h e r m i a was combined w i t h doxo rub i c in a n d cyclo­
phosphamide (54) or B C N U (34). Systemic h y p e r t h e r m i a is 
t h e on ly w a y t o heat t h e l u n g u n i f o r m l y , a n d impress ive 
response ra tes a n d increased d u r a t i o n s o f response have 
been achieved i n b o t h s m a l l ce l l and n o n s m a l l ce l l l u n g 
cancer t r e a t ed w i t h t h e c omb ina t i on o f who l e body 
h y p e r t h e r m i a a t 4 1 ''C for 1 h w i t h a d r i a m y c i n , cyclopho­
sphamide , a n d v i n c r i s t i n e (AGO protocol ) (34). Neuroendo­
cr ine t u m o r s also appear to have increased s ens i t i v i t y to 
systemic h y p e r t h e r m i a and m u l t i d r u g chemothe rapy (51). 

O p t i m a l c omb ina t i on of whole-body h )T ) e r thermia w i t h 
chemothe rapy r equ i r es a n u n d e r s t a n d i n g o f t h e mechan­
i sms of i n t e r a c t i o n o f hea t w i t h i n d i v i d u a l d r u g s or d rugs i n 
c omb ina t i on . P r ec l in i ca l d a t a is cons is tent w i t h t h e concept 
t h a t the t i m i n g o f chemotherapy d u r i n g whole-body 
h y p e r t h e r m i a s h o u l d affect the rapeu t i c index . Fo r exam­
ple. F i g . 4 shows the effect on t u m o r cures i n m a m m a r y 
ca rc inoma b e a r i n g r a t s of 6 h o f 40 '̂ C whole-body 
h y p e r t h e r m i a a d m i n i s t e r e d w i t h , o r 24 or 48 h a f ter gem­
c i tab ine . A synerg is t i c response was ob ta ined w h e n 
h y p e r t h e r m i a was b egun w i t h gemc i tab ine a d m i n i s t r a t i o n 
or 48 h l a t e r . T h e effect o f gemc i tab ine was comple te ly 
negated, however , w h e n h y p e r t h e r m i a was a d m i n i s t e r e d 
24 h a f ter the s t a r t of h ea t i ng , pe rhaps due t o ce l l cycle 
effects. W i t h c i sp l a t i n , t h e greatest t h e rapeu t i c index is 
achieved i f t h e d r u g is g i v en 24 h before t h e s t a r t o f who le -
body h y p e r t h e r m i a , the r eby p r e v e n t i n g t h e r m a l augmen­
t a t i o n o f c i s p l a t i n induced nephro tox i c i t y (55). I n a c l i n i ca l 
i n v e s t i g a t i on o f m u l t i p l e cycles o f r a d i a n t heat whole-body 
h y p e r t h e r m i a combined w i t h ca rbop la t in , I fos famide, eto­
poside, a n d g ranu locy t e colony s t i m u l a t i n g factor, i t was 
f o u n d t h a t t o x i c i t y was m i n i m i z e d w h e n c a r b o p l a t i n was 

[•GEM+WBH(0) •GEM+WBH(+24) • GEM+WBH(+48)~| 

GEM+WBH(0 h) GEM+WBH(+24 h) GEM+WBH(-f48 h) 

GEM-t-WBH schedule 

Figure 4. Schedule dependence of fever range whole-body 
hyperthermia enhanced gemcitabine tumor cures. A supraaddi-
tive cure rate occurred when whole-body hyperthermia (WBH) 
was given at the same time as gemcitabine administration or 48 h 
later. When hyperthermia followed gemcitabine by 24 h the number 
of cures dropped to almost zero, well below the number achieved w i th 
gemcitabine alone. 
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Table 6. Chemotherapy Agents Used wi th Whole-Body Hyperthermia 

Class of Agent 
Likely Mechanism 
of Heat Interaction 

Drugs Used w i th 
W B H in Clinical Studies 

Investigator 
References" 

Alkylat ing agents 

Nitrosoureas 

Platinum agents 

Anthracyline antibiotics 

Antimetabolites 

Antiproliferatives 

Topoisomerase inhibitors 

Taxanes 

Biological response 
modifiers 

Impaired DNA repeiir 
Improved pharmacokinetics 

Impaired DNA repair 
Improved pharmaa)kinetics 

Impaired DNA repair 
Altered plasma protein binding 

Impaired DNA repair 
Enzyme activation 

Increased drug transport 
Cell cycle arrest 
Impaired DNA repair 

Impaired DNA reptdr 

Impaired DNA repair 

Microtubule disruption 
Apoptosis 
Increased anti-viral and 

antiproliferative activity 

Cyclophosphamide (CTX) 

Dacarbazine (DTIC) 
Melphalan (L-PAM) 
Ifosfamide (IFO) 

BCNU 

Me-CCNU 
Cisplatin (CDDP) 

Carboplatin (CBDCA) 

Oxal iplat in 

Adriamycin 

Bleomycin 
5-FU 

Gemcitabine 
Etoposide (VP-16) 

Irinotecan (CPT-11) 

PacUtacel 
Docetaxel 
Interferon 

Parks, 1983 (4) 
Engelhardt, 1988 (34) 
Lange, 1983 (35) 
Robins, 1997 (36) 
Engelhardt, 1988 (34) 
Issels, 1990 (37) 
Westermann, 2003 (38) 
Parks, 1983 (4) 
Bul l , 1992 (39) 
BuU, 1992 (39) 
Parks, 1983 (4) 
Herman, 1982 (40) 
Engelhardt, 1990 (41) 
Robins, 1993 (42) 
Douwes, 2004 (43) 
Westermann, 2003 (38) 
Hegewisch-Becker, 2002 (44) 
Hegewisch-Becker, 2003 (45) 
Douwes, 2004 (43) 
Richel, 2004 (46) 
Strobl, 2004 (47) 
Elias, 2004 (48) 
Hegewisch-Becker, 2002 (44) 
Engelhardt, 1990 (41) 
Bu l l , 2002 (49) 
Herman, 1982 (40) 
Lange, 1983 (35) 
Lark in , 1979 (50) 
BuU, 2002 (49) 
Hegewisch-Becker, 2002 (44) 
Bul l , 2004 (51) 
Barlogie, 1979 (52) 
Issels. 1990 (37) 
Westermann, 2003 (42) 
Hegewisch-Becker, 2003 (45) 
Elias, 2004 (48) 
Strobl, 2004 (49) 
Strobl, 2004 (49) 
Robins. 1989 (53) 

BuU, 2002, 2004 (34,49) 

"References prior to 1980, or not in English, are not provided in the Bibliography at the end of this article. 

g iven d u r i n g t h e p l a t eau phase o f W B H . 10 m i n a f l ^ r t a r g e t 
t empe ra tu r e was reached (56). 

A major ra t i ona l e for whole-body h y p e r t h e r m i a i n can­
cer t r e a t m e n t is the ab iUty t o t r e a t metastases, b u t t h i s is 
ac tua l l y a controvers ia l issue. The r e have been no cUnica l 
studies specificaUy designed to s tudy the effect o f systemic 
h y p e r t h e r m i a on e i the r the efficacy aga inst me tas ta t i c 
disease or p r even t i on o f deve lopment o f metastases. 
Increased s u r v i v a l i n advanced ma l i gnanc i es is o f ten i n t e r ­
pre ted to mean a r educ t i on i n metas ta t i c disease, b u t d i r ec t 
measurement of the inc idence a n d response of metastases 
is ra re . Based on some a n i m a l s tudies , i t has been sug­
gested t h a t systemic h y p e r t h e r m i a cou ld a c tua l l y p romote 
t h e metas ta t i c spread o f t u m o r ceUs, b u t t h i s has n o t been 
conf i rmed. One cUnical s t u d y f ound a n increase o f t u m o r 
cells i n blood 24 h a f ter 41.8 C W B H , b u t the re was no 

evidence t h a t t h i s caused metas ta t i c spread o f disease (57). 
Severa l a n i m a l e xpe r imen t s do suppo r t t h e efficacy o f 
whole-body h y p e r t h e r m i a aga inst metastases. I n mouse 
models of l u n g cancer a n d me lanoma, the n u m b e r of l u n g 
metastases was scored a f ter repeated systemic m ic rowave 
hea t ing . I t was f o u n d t h a t t h e n u m b e r of l u n g metastases 
was s i gn i f i c an t l y reduced, a n d NK-ceU a c t i v i t y was h igher , 
i n t r e a t ed a n i m a l s . T h e a u t h o r s hypothes i zed t h a t W B H 
in te r f e res w i t h t h e spread o f o r gan metastases, possibly 
t h r o u g h . a m e c h a n i s m i n v o l v i n g N K cells (13). A n o t h e r 
s t u d y of mouse L ew i s l u n g ca r c inoma i n w h i c h t h e a n i m a l s 
were t r e a t ed w i t h 60 m i n o f systemic h y p e r t h e r m i a a t 
42 "C, d emons t r a t ed a r educ t i on i n the n u m b e r a n d 
percentage o f l a rge metastases ( > 3 m m ) o n day 20 post-
t u m o r i m p l a n t a t i o n . A d d i t i o n o f r a d i a t i o n led to a reduc­
t i o n to 5 0 % of c on t r o l o f t h e n u m b e r o f l u n g metastases as 
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w e l l as the percent o f large metastases on day 20 (58). I n a 
breast cancer ocu l t metastas is mode l i n ra t s , 6 h o f 40 °C 
whole-body h y p e r t h e r m i a combined w i t h da i l y , l ow dose, 
me t ronomic i r i no t e can r e su l t ed i n delayed onset, a n d 
reduced incidence, o f a x i l l a r y l y m p h node metastases com­
pared to con t ro l i n r a t s , as d i d t r e a t m e n t w i t h 40 ''C W B H 
alone. The comb ina t i on t h e r a p y also reduced a x i l l a r y 
metastas is vo lume . I n t e r e s t i n g l y , none o f t h e the rap i es 
s i gn i f i cant l y af fected i n g u i n a l l y m p h node metastases , 
b u t l u n g metastases we re decreased i n b o t h t h e comb ina ­
t i o n t h e r a p y a n d W B H alone g roups . Rats t r e a t e d w i t h 
fever-range whole -body h y p e r t h e r m i a a n d m e t r o n o m i c 
i r i n o t e c a n also s u r v i v e d s i gn i f i c an t l y l onger (36%) t h a n 
c on t r o l a n i m a l s (59). 

Systemic Hyperthermia and Radiotherapy. The augmen­
t a t i o n of i o n i z i n g r a d i a t i o n induced t u m o r k i l l b y 
h y p e r t h e r m i a is w e l l documented for local h y p e r t h e r m i a 
and has l ed to n u m e r o u s protocols c o m b i n i n g whole-body 
h y p e r t h e r m i a w i t h r a d i a t i o n t h e r a p y (60,61). H y p e r t h e r ­
m i a is comp lementary to r a d i a t i o n i n severa l regards : 
i on i z i ng r a d i a t i o n acts p r e d o m i n a n t l y i n t h e M and Gi 
phases o f the ce l l cycle w h i l e h y p e r t h e r m i a acts l a r ge l y 
i n S phase; r a d i a t i o n is most effective i n a l ka l i n e t issues 
whereas h y p e r t h e r m i c cy to tox i c i t y is enhanced u n d e r 
acidic condi t ions ; r a d i a t i o n is no t effective i n hypox ic 
regions ye t h y p e r t h e r m i a is most tox ic to hypox ic cells. 
T h u s w h e n h y p e r t h e r m i a is combined w i t h r ad i o the rapy , 
b o t h t h e hypoxic , l ow p H core o f t h e t u m o r is t r e a t e d as w e l l 
as the r e la t i ve l y w e l l per fused ou te r layers o f t h e t u m o r . 
F u r t h e r m o r e , because of i t s vascu lar effects, h y p e r t h e r m i a 
enhances t u m o r oxygenat ion t h u s p o t e n t i a t i n g r a d i a t i o n 
cell k i l l . H y p e r t h e r m i a also increases the p roduc t i on o f oxy­
gen radicals by r ad i a t i on , and reduces the r epa i r of D N A 
damage caused by i on i z i ng r ad i a t i on . T h u s h j ^ r t h e r m i a 
and rad io therapy together of ten have a synerg ist ic effect, 
and t h i s combinat ion is now w e l l accepted for t r e a t m e n t of a 
number of t umors . 

Fever-Range WBH. L i k e systemic h y p e r t h e r m i a alone, 
combined moda l i t y t r e a t m e n t s were i n i t i a l l y a i m e d to 
achieve m a x i m a l l y t o l e ra t ed t empera tu r es . Such r eg i ­
mens, however, c a r r y s i gn i f i cant r i s k to the pa t i en t , 
r equ i r e genera l anesthesia , a n d necessitate exper ienced, 
special ist perso ime l to prov ide care fu l m o n i t o r i n g o f v i t a l 
s igns and p a t i e n t care d u r i n g t h e t r e a t m e n t . M o r e 
recent ly , i t has been apprec ia ted t h a t l ower core body 
t empera tu res (39 -40 m a i n t a i n e d for a longer t i m e 
(4 -8 h ) , m u c h l i k e fever, can i n d i r e c t l y r e su l t i n t u m o r 
regression t h r o u g h effects on t u m o r vascu la ture , t h e 
i m m u n e response, a n d waste r emova l (detox i f icat ion) . 
The o p t i m u m d u r a t i o n a n d f requency o f m i l d hype r the r ­
m i a t r e a t m e n t has, however, no t ye t been de t e rm ined . 
Protocols range f r o m s ingle t r e a t m e n t s of 4 - 6 h , o r s i m i l a r 
l ong d u r a t i o n t r e a t m e n t s g i ven once d u r i n g each cycle o f 
chemotherapy , to da i l y t r e a t m e n t s of on l y 1 h . Severa l 
studies o f m i l d , fever-range, whole-body h y p e r t h e r m i a 
w i t h chemotherapy have demons t ra t ed efficacy aga ins t a 
b road range o f cancers (34,17) and c l in i ca l t r i a l s a re cur­
r e n t l y be ing conducted a t t h e U n i v e r s i t y o f Texas H e a l t h 
Science Center a t H o u s t o n , Roswe l l P a r k Cancer I n s t i t u t e , 

N e w Y o r k , a n d by t h e Germem I n t e r d i s c i p l i n a r y W o r k i n g 
G r o u p o n H j r p e r t h e r m i a (62). 

Systemic Hyperthermia and Metabolic Therapy. 
Increased ra tes o f metabo l ic react ions l ead t o r a p i d t u r n ­
over o f metabohtes , caus ing c e l lu l a r energy dep le t ion , 
acidosis, a n d consequent metabo l i c d i s r egu la t i on . T u m o r s , 
w h i c h have increased metabo l ic ra tes [glucose, adenomine 
t r i p h o s p h a t e (ATP) ] compared to n o r m a l cells, m a y be 
p a r t i c u l a r l y sens i t i ve t o t h e r m a l l y i nduced energy deple­
t i o n a n d t h i s has been exp lo i t ed i n t h e Cancer M u l t i s t e p 
T h e r a p y developed by v on A rdenne , w h i c h is a combined 
hyper thermia—chemotherapy—metabo l i c t h e r a p y approach 
t o cancer (63). The core o f t h i s approach is systemic 
h y p e r t h e r m i a a t 4 0 - 4 2 °C, somet imes w i t h added local 
h y p e r t h e r m i a t o achieve h i g h t empe ra tu r e s w i t h i n the 
t u m o r . A 10% so lu t i on of glucose is in fused i n t o t h e p a t i e n t 
t o achieve a h i g h a c c u m u l a t i o n of lact ic ac id w i t h i n the 
t u m o r t h a t cannot be c leared because of s lugg ish b lood flow 
a n d confers a n increased s ens i t i v i t y to heat to t h e t u m o r 
cel ls. A d m i n i s t r a t i o n o f oxygen increases the a r t e r i a l oxy­
gen pressure a n d s t imu l a t e s l y sozyma l cyto lys is . F i n a l l y 
l ow dose chemothe rapy is added. 

PaHiation. P a i n r e l i e f i s r epo r t ed b y m a n y pa t i en t s 
r ece i v ing systemic h y p e r t h e r m i a t r e a t m e n t , w h e t h e r w i t h 
chemothe rapy o r r a d i a t i o n . Indeed , a lmos t a l l p a t i en t s 
u n d e r g o i n g t h e r m o r a d i o t h e r a p y r epo r t p a i n rehef. 
I m m e d i a t e p a i n reUef f o l l o w ing t r e a t m e n t is l i k e l y to s t e m 
f r o m a n increased l eve l of c i r c u l a t i n g p -endorph ins , w h i l e 
longer t e r m p a i n r e l i e f m a y be due to increased blood flow, 
d i r ec t neuro l og i ca l ac t i on , a n d disease r eso lu t i on , for 
example , t u m o r regress ion i n cancer pa t i en t s , or de tox i f i ­
ca t i on . M e a n i n g f u l i m p r o v e m e n t s i n q u a h t y of l i fe t y p i ­
ca l l y r e s u l t f r o m such p a i n re l ie f . Loca l i zed i n f r a r e d 
t h e r a p y u s i n g l amps r a d i a t i n g a t 2—25 p.m is used for 
t h e t r e a t m e n t a n d r e l i e f o f p a i n i n n u m e r o u s med i ca l 
i n s t i t u t e s i n C h i n a a n d J a p a n . 

Diseases Other than Cancer. The rapeu t i c use of heat 
l amps e m i t t i n g I R r a d i a t i o n is commonplace t h r o u g h o u t 
t h e O r i e n t for r h e u m a t i c , neuro log ica l a n d musculoske le­
t a l cond i t i ons , as w e l l as s k i n diseases, w o u n d hea l ing , a n d 
b u r n s . The i m p r o v e m e n t s r epor t ed appear to be l a rge l y 
due to increased blood flow b r i n g i n g n u t r i e n t s t o areas of 
i s chemia or b lood vessel damage, a n d r e m o v i n g waste 
products . Sc ient i f ic r epo r t s o f these t r e a t m e n t s are, how­
ever, d i f f i cu l t to f i nd . A p p l i c a t i o n of heat v i a ho t ba ths o r 
u l t r a s o u n d has l ong been s t a n d a r d i n phys i ca l t h e r a p y for 
a r t h r i t i s a n d muscu loske l e t a l cond i t ions , t h o u g h ice packs 
are also used to counte r i n f l a m m a t o r y responses. H e a t 
decreases st i f fness i n t endons a n d Ugaments , re laxes the 
muscles, decreases musc le spasm, a n d lessens p a i n . Un f o r ­
t u n a t e l y , few c l i n i ca l t r i a l s o f efficacy have been per fo rmed, 
a n d methodo log i ca l di f ferences or l ack o f r i g o r i n t h e 
s tud ies h i n d e r compar isons (64). A c l i n i ca l t r i a l i n 
J a p a n r epo r t ed a supposedly successful s o lu t i on for seven 
o u t o f seven cases o f r h e u m a t o i d a r t h r i t i s t r e a t ed w i t h 
whole-body I R th e rapy , a n d i t is r epo r t ed t h a t t h e K i n g o f 
B e l g i u m was cured of h i s r h e u m a t o i d a r t h r i t i s i n t h r e e 
m o n t h s due I R t r e a t m e n t s . Systemic h y p e r t h e r m i a w i t h 
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whole-body r a d i a n t heat u n i t s is b e ing ca r r i ed o u t i n 
c l in i ca l centers as w e l l as m a n y p r i v a t e c l in ics i n G e r m a n y 
for the purpose of a l l e v i a t i n g r h e u m a t o i d a r t h r i t i s . I t has 
been proposed t h a t the i n d u c t i o n o f T N F receptors by W B H 
may induce a remiss ion i n pa t i en t s w i t h act ive r h e u m a t o i d 
a r t h r i t i s . The use of heat packs has l o n g been s t a n d a r d to 
re l ieve the p a i n o f f i b romya lg ia . A g a i n , t h e the rapeu t i c 
effect is bel ieved to be due to increased c i r c u l a t i o n flushing 
ou t tox ins a n d speeding the h e a l i n g process. WTiole-body 
h y p e r t h e r m i a t r e a t m e n t for fibromyalgia a n d chron i c f a t i ­
gue syndrome (CPS) is to be f ound i n a n u m b e r o f p r i v a t e 
c l in ics . H y p e r t h e r m i a increases t h e n u m b e r a n d a c t i v i t y of 
w h i t e blood cells, s t i m u l a t i n g t h e depressed i m m u n e sys­
t e m of the CPS pa t i en t . 

Because o f i t s i m m u n e s t i m u l a t i n g effects, whole-body 
h y p e r t h e r m i a is a s t rong candidate for t r e a t m e n t of chronic 
progressive v i r a l infect ions, such as H I V and hepa t i t i s C. A 
c l in ica l t r i a l a t the U n i v e r s i t y Med i ca l Center U t r e ch t , The 
Ne ther lands has eva luated extracorporea l h ea t i n g to induce 
systemic h y p e r t h e r m i a o f 41.8 C for 120 m i n unde r propo-
fol anesthesia for t r e a t m e n t o f hepat i t i s C (65). H u m a n 
immunodef ic iency v i r u s (HIV) - in fected T cells are more 
sensit ive to heat t h a n hea l thy l3miphocytes, and suscept­
i b i l i t y increases w h e n the cells are presensit ized by expo­
sure to t u m o r necrosis factor. Thus , i nduc t i on o f whole-body 
h y p e r t h e r m i a or h y p e r t h e r m i a specif ically l i m i t e d to t issues 
hav ing a h i g h v i r a l load is a po t en t i a l a n t i v i r a l t h e r a p y for 
acquired immunodef ic iency syndrome (A IDS) . A n I t a l i a n 
s tudy has found t r e a t m e n t o f A I D S w i t h beta-carotene a n d 
h y p e r t h e r m i a t o be synergist ic , p r e v en t ing progression o f 
ear ly disease and also increas ing the s u r v i v a l t i m e i n 
pat ients w i t h severe A I D S . A single t r e a t m e n t of l ow flow 
extracorporeal h y p e r t h e r m i a was f ound effective aga inst 
A I D S associated Kaposi 's sarcoma, t h o u g h the re was sig­
n i f i cant tox ic i ty . Core t e m p e r a t u r e was ra i sed to 42 ^C a n d 
h e l d for 1 h w i t h e x t r aco rpo r ea l p e r fus i on a n d ex vivo 
blood h e a t i n g t o 49 C. Comp le t e or p a r t i a l regress ions 
were seen i n 20/29 o f those t r e a t e d a t 30 days pos t - t r ea t ­
m e n t , w i t h regress ions p e r s i s t i n g i n 14/29 o f those t r e a t e d 
a t 120 days pos t - t r ea tmen t . A t 360 days , 4/29 m a i n t a i n e d 
t u m o r regressions w i t h 1 p a t i e n t b e i n g i n comple te r e m i s ­
s ion s t i l l a t 26 m o n t h s (66). 

THE FUTURE O F SYSTEMIC HYPERTHERMIA 

W h i l e the re is a resurgence of i n t e r e s t i n systemic 
h y p e r t h e r m i a , t h i s modaUty has no t y e t been adopted as 
a m a i n s t r e a m the rapy , and o p t i m a l c l i n i ca l t r i a l s have 
no t ye t been ca r r i ed out . WeU-designed, we l l - cont ro l l ed , 
m u l t i c e n t e r c l in i ca l t r i a l s need to be conducted. I n o rder t o 
unequivocal ly demonstrate the u t i l i t y o f whole-body hyper­
t h e r m i a i n the t r e a t m e n t of cancer as w e l l as o ther diseases, i t 
w i l l be i m p o r t a n t to accrue a suf f ic ient ly large n u m b e r o f 
pat ients who do not have end-stage disease. T h a n k s to t h e 
commerc ia l ava i lab iUty of systemic h y p e r t h e r m i a systems, 
the v a r i ab i l i t y between i n d u c t i o n techniques a t d i f f e rent 
ins t i tu t i ons can be removed. Newer i n s t r u m e n t a t i o n , p a r t i ­
cu la r l y near- IR r a d i a n t heat devices, a long w i t h t r e a t m e n t a t 
lower temperatures (fever-range t h e r m a l therapy ) shou ld 
lead to s ign i f i cant ly reduced tox i c i t y . Be t t e r exp lo i ta t i on o f 

Liver Tumor 

F igure 5. Fever range whole-body hyperthermia increases 
therapeutic gene (grp78-HSVtk) delivery in tumor. 

the n a r r o w w i n d o w of effective t empera tures w i t h i n w h i c h 
the ce l lu lar effects o f heat can be explo i ted ye t damage 
r ema ins m i n i m a l , a n d improved u n d e r s t a n d i n g o f the biolo­
g ical in te rac t ions in vivo o f systemic heat w i t h chemotherapy 
and r a d i a t i o n w i l l be essent ia l to opt imize therapy . 

The effects o f systemic h y p e r t h e r m i a o n t u m o r b lood 
flow a n d vascu lar pe rmeab i l i t y have the po t en t i a l to 
increase def ivery o f var ious s m a l l molecules, nanopart ic les , 
a n d gene the rapy vectors to t u m o r s . Fer romagnet i c nano­
part ic les can be heated by e x t e m a l magnet i c fields and offer 
the po t en t i a l for i n t e r n a l h y p e r t h e r m i a , bo th local ly and 
systemica l ly . T h e r m a l l y sensit ive l iposomes t h a t release 
t h e i r contents a t des ignated t empera tures are also o f i n t e r ­
est. The a b i l i t y o f systemic h y p e r t h e r m i a to a i d i n systemic 
de l i very of gene t h e r a p y vectors ( the ho ly g r a i l of gene 
therapy ) and enhemce t rans fec t ion of cells w i t h therapeut i c 
gene p lasmids is u n d e r inves t i ga t i on i n several laborator ies 
(67,68), and shows po t en t i a l a l ong w i t h targe ted gene ther ­
apy v i a the heat shock response. Fo r example , F ig . 5 shows a 
four fo ld h y p e r t h e r m i c increase o f the rapeut i c gene dehvery 
to t i m i o r w h e n p l a s m i d D N A was injected in t ravenous ly 
i n t o m a m m a r y carc inoma bea r ing r a t s immed ia t e l y after 6 
h of whole-body h y p e r t h e r m i a a t 40 C. T h u s systemic 
h y p e r t h e r m i a is l i k e l y to see increas ing appUcation as a n 
enhancer o f d r u g de l ivery . 

The r e is a g rea t dea l of i n t e r es t i n t h e i m m u n o l o g i c a l 
consequences o f whole-body h y p e r t h e r m i a , a n d as they 
become bet ter understood, the combina t i on o f systemic 
h y p e r t h e r n u a w i t h specific immuno the rap i e s w U l undoubt ­
edly be pioneered, no t j u s t for cancer b u t also, by analogy 
w i t h fever, i n a broad range of diseases. 

SUMMARY 

Sys temic h y p e r t h e r m i a is f ounded o n so l id phy s i c a l a n d 
b io log i ca l p r i n c i p l e s a n d shows p r o m i s e i n t h e t r e a t m e n t 
of a n u m b e r o f diseases. M o d e m who le -body h y p e r t h e r ­
m i a devices use IR -A r a d i a t i o n sources t oge ther w i t h 
ef fect ive h e a t loss t e chn iques t o achieve a c on t r o l l ed , 
u n i f o r m t e m p e r a t u r e d i s t r i b u t i o n t h r o u g h o u t t h e body 
w i t h m i n i m a l p a t i e n t t o x i c i t y . A s h i f t i n p a r a d i g m has 
occur red away f r o m a c h i e v i n g d i r e c t ce l l k i l l i n g w i t h s h o r t 
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bouts of maximal ly tolerated temperatures, to inducing 
indirect curative effects through longer duration treatments 
at lower temperatures, and synergy with other modalities, 
such as radiotherapy. Better understanding of the interac­
tions of elevated temperature with metaboUc and genetic 
pathways w i l l allow thermal ly dr iven targeted therapies. 
O f part icular promise is the use of systemic hyperthermia 
as an immune system stimulator and adjunct to immu­
notherapy. AppUcation of systemic hyperthernua to nano­
particle deUvery and gene therapy is emerging. Whole-body 
hyperthermia is moving from being dubbed an alternative 
therapy to becoming a standard treatment and cUnical 
hyperthermia centers are to be found aU over the world. 

Useful Websites 

http://www.ncbi.nlm.nih. 
gov/books/bv. fcgi?rid=hstat6. 
section.40680 

http://www.ncbi.nlm.nih.gov/ 
books/bv. fcgi?rid=cmed. 

section.7813 

http ://wv™'. duke. edu/~dr3/ 
hyperthermiagenera l . 
html 

http ://www. eurekah.com/isbn. 
php?isbn= 1-58706-
248-8&bookid=143 
&catid=50 

http ://www. esho. info/ 
professionals/ 

http ://www. hyperthermie.org/ 
index2.html 

http ://wwrw.uth. tmc.edu/ 
thermaltherapy/ 
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