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Abs t rac t - -The  synergistic anti-tumor interaction between heat and cyclophosphamide 
(CP) was investigated. Synergism between local hyperthermia (42.5°C, 30min) and 
CP was observed in mice bearing the Lewis lung carcinoma tumor in their hind leg. 
Local hyperthermia reduced the CP dose needed for cure or a specific tumor growth 
delay. CP was less effective when given in fractions. A fractionated dose regimen was 
more effective than CP alone when combined with heat. The thermal enhancement ratio 
was larger when CP was administered in more than three fractions. It is concluded that 
combined heat and CP chemotherapy of cancer may be clinically feasible. 

INTRODUCTION 

EXPERIMENTAL and clinical evidence shows 
that hyperthermia alone, or in combination 
with radiation or drugs, has a selective in- 
hibitory and destructive effect on cancer cells 
(for a detailed bibliography, see Cancer 
Therapy by Hyperthermia and Radiation, 1978). 
Elevated temperatures (40 -45°C)po ten t i a t e  
the response of mammalian cells to radiation 
[2-5] and cytotoxic drugs [5-7]. 

Recently, we have shown that heat en- 
hances the inhibitory effect of cyclophos- 
phamide (CP) on tumors inoculated into mice 
[8]. CP is commonly used in cancer chem- 
otherapy [9]. However,  as administered it has 
no activity as an alkylating agent; the hepatic 
mixed-function oxidases apparently produce 
4-hydroxy CP as the initial oxidation product 
[10], which decomposes spontaneously to pro- 
duce the active species, phosphoramide mus- 
tard [11, 12]. 

Relatively little has been reported concern- 
ing regimens of fractionated hyperthermia and 
radiation [13-16]. There is even less data on 
fractionation of hyperthermia and cytotoxic 
drugs as a treatment mode [17]. The aim of 
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the present study was to investigate the effect 
of fractionated combined heat and CP treat- 
ment. The results suggest that the combined 
modality may be applicable to the clinical 
situation 

MATERIALS AND METHODS 

BDF mice, 5-6 months old, were used in 
these experiments. The tumor was the Lewis 
lung carcinoma (3LL). This malignant metas- 
tasizing tumor originated spontaneously in a 
C57BL/6 mouse [18]. The tumor was main- 
tained in BDF mice as previously described 
[19]. Cell suspensions, prepared by mincing 
the tumor tissue, followed by gentle abrasion 
against a stainless steel screen, were filtered 
through a fine stainless steel mesh. Cells were 
counted in a hemocytometer and 3 x 105 via- 
ble cells (estimated by trypan blue exclusion) 
in 0.3 ml were injected i.m. into the left hind 
leg of the experimental animals. Tumor  size 
was measured with a caliper. Two measure- 
ments were taken, one parallel and the other 
perpendicular to the animal's back, and the 
average of the two was used for estimation of 
tumor growth delay. 

Local heating was applied using a thermos- 
tatted water bath at a temperature of 42.5~C. 
Animals were laid on PVC support with the 
tumor-bearing leg immersed in water through 
a hole of 12mm diameter for 30min treat- 
ment time. A fan was used to maintain body 
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temperature  at 36-37°C during heating (mea- 
sured by a thermistor inserted under  the back 
skin). Tempera ture  measurements and control 
were as previously described [20] 

Table 1. The effect of CP dose and number of fractions 
on tumor growth delay with or without heat treatment* 

Cyclo- Tumor 
phosphamide Heat Number of growth 

(mg/kg weight) treatment fractions delay (days) 

140 - 1 12 
140 + 1 95% cure 
70 -- 2 12 
70 + 2 100% cure 
50 - 3 9 
35 - 4 5 
35 + 4 19 

50 - 2 6 
50 + 2 15 
35 - 3 3 
35 + 3 9 

70 - 1 5 
70 + 1 8 
35 - 2 2 
35 + 2 6 
25 - 3 1 
25 + 3 3 

35 - 1 1 
35 + 1 3 
17 - 2 l 
17 + 2 2 

*CP was injected i.p. immediately before local heating 
(42.5°C, 30min). Treatments started 3 days after tu- 
mor inoculation, and were administered every other 
day. 

Experimental schedule 

Animals were randomly  divided into the 
following experimental  g r o u p s .  (1) Controls 
inoculated with tumor  cells only; (2) i.p. 
drug-injected; (3) i.p. drug-injected im- 
mediately before heat ing and (4) local heat ing 
only. Treatments  were started 3 days after 
tumor  inoculation, and were given every other 
day. The  number  of t reatments in each group 
is specified in Table 1. All animals, including 
controls, were anesthetized during t rea tment  
by an i.p. injection of pentobarbi tal  sodium. 
This permit ted positioning of  the limb in the 
heat ing bath without  mechanical  fixing, thus 
avoiding impai rment  of  blood supply to the 
limb. 

Cyclophosphamide (cytophosphan-Taro)  
was obtained from Taro  Pharm.  Indust. ,  
Haifa,  Israel. A single batch of drug was used 
to ensure uniform results. The  drug was di- 
ssolved in saline and diluted to the required 
concentrations. 

RESULTS 

Previous da ta  [8] indicated that  local pre- 
heat ing immediate ly  before drug injection had 
no advantage over administrat ion of the drug 
alone. The present t rea tment  schedule was 
selected since local heat ing (42.5°C, 30min)  
immediately after CP injection was signi- 
ficantly superior to local heat ing 30 min after 
drug injection. 

Table 1 summarizes tumor  growth delay 
following different fractionation regimens of 
CP alone, or CP combined with heat. I t  
should be noted that  heat  t rea tment  by itself 
up to four t reatments did not affect tumor 
growth. Figure 1 presents da ta  obtained with 
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Fig. 1. Effect of normothermic and hyperthermic single and 
fractionated CP dose treatments on tumor growth delay. ( 0 )  CP 
{35 mg/kg) was injected i.p. immediately before local heating of 
the tumor [42.5°C, 30min); (O) drug only; ( . )  single CP 
dose with, or without ( [~ ) local tumor hyperthetmia 
142.5°C, 30min). Treatments started 3 days after tumor 

inoculation, and were administered every other day. 

normothermic  and hyperthermic single or 
fractionated dose treatments. In the drug con- 
centration range tested, combined CP and 
heat  resulted in tumor  growth delay three to 
four times greater than  that  produced by the 
drug alone. Figure 2 summarizes the per- 
centage cure of tumor-bearing animals 
treated with a single dose of CP with or 
without  heat  treatment.  Cure is obtained with 
a single CP dose of 170 mg/kg (an animal  is 
defined as cured when free of  tumor  3 months 
after treatment) .  The  TCDs0 is reduced to 
100mg/kg when CP was followed by heat, 
corresponding to a thermal  enhancement  ratio 
(TER)  of 1.7 as defined by Robinson et al. 
[21]. However,  when tumor growth delay is 
chosen as an end point, a somewhat lower 
T E R  of 1.5 is obtained. 
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Fig. 2. Percentage of cure of tumor bearing animals treated 
with single doses of CP with ( 0 )  or without t(D) local 

hyperthermia ~42.5°C, 30 min). 

D I S C U S S I O N  

We have demonstrated in vivo synergistic 
interaction of CP and local hyperthermia 
(42.5°C, 30min)  applied after CP injection 
[8]. Since local preheating offered no advan- 
tage over drug treatment alone, this investi- 
gation concentrated on fractionated heat post 
drug administration. Previous findings and the 
results of this study indicate that the in vivo 
synergistic interaction of C P + h e a t  could be 
explained by enhanced uptake of CP by the 
heated tumor cells, and/or enhanced CP da- 
mage due to its greater reactivity at higher 

temperatures (for review of thermotherapy, 
see Hahn [22]). Fractionation by itself re- 
duced the effectiveness of CP treatment 
(Table 1). However, when combined with 
local hyperthermia, synergism is observed 
(Fig. 1 ). Moreover, the T E R  is about twice as 
large as with a single CP treatment (Fig. 2). 
The reasons for this are not clear at present. 
Hahn et al. achieved a more pronounced 
effect than we found in this study probably 
due to differences in the effectiveness of treat- 
ment, attributable to either the lower CP dose 
in our study, or to the higher proliferation 
rate of the 3LL tumor, or both. It is notew- 
orthy that when the number of fractions 
increases from three to four, the synergism of 
CP with heat is markedly enhanced (Fig. 1). 
A higher T E R  for drug plus heat treatment 
administered more than once was also re- 
ported by Marmor [17]. It is yet to be seen 
whether this holds true for a larger number of 
fractions. This might be of clinical impor- 
tance, since about eight fractions are adminis- 
tered in clinical chemotherapy. 

In conclusion, we have shown that local 
hyperthermia enhances the efficiency of CP in 
tumor control, and that the fractionated CP 
regimen was more effective when combined 
with local hyperthermia. These results in- 
dicate that when combined single or frac- 
tionated modality is more effective than drug 
alone, and may be so in the clinical situation. 

REFERENCES 

1. STREFFER C, VAN BEUNINGER D, DIETZEL F, el al. Cancer Therapy by 
Hyperthermia and Radiation. Baltimore: Urban & Schwarzenberg, 1978. 

2. BEN-HuR E, ELmND MM. Thermal sensitization of Chinese hamster cells to 
methyl methanesulfonate: relation of DNA damage and repair to survival 
response. Cancer Biochem Biophys 1974; 1: 23. 

3. GERWECK LE, GILLETTE EL, DEWEy WC. Effect of heat and radiation on 
synchronous Chinese hamster cells: killing and repair. Radiat Res 1975; 64: 
611. 

4. YERUSHALMI A. Cure of a solid tumor by simultaneous administration of 
microwaves and X-ray irradation. Radiat Res 1975; 64: 602. 

5. BEN-HuR E, ELKIND MM, BRONK BV. Thermally enhanced radioresponse of 
cultured Chinese hamster cells: inhibition of repair of sublethal damage and 
enhancement of lethal damage. Radiat Res 1974; 58: 38. 

6. HAHN GM, BRAUN J, HAR-KEDAR 1. Thermochemotherapy: synergism be- 
tween hyperthermia (42-43°C) and adriamycin (or bleomycin) in mammalian 
cell inactivation. Proc Acad Sci 1975; 72" 937. 

7. YERUSHALMI A. Combined treatment of a solid tumor by local hyperthermia 
and Actinomycin D. Br J Cancer 1978; 37: 827. 

8. YERUSHALMI A, HAZAN G. Control of the Lewis Lung Carcinoma by 
combined treatment with local hyperthermia and cyclophosphamide: pre- 
liminary results Isr J Med Sci 1979; 15: 462. 

9. BECKER FF. Cancer: A Comprehensive Treatise Vol. 5. New York: Plenum Press, 
1977. 

10. HILL DL, LASTER WR, STRUCK RF. Enzymatic metabolism of cyclophos- 
phamide. 1972. 



684 G. Hazan, E. Ben-Hur and A. Yerushalmi 

11. COLVlN M, PADGETT CA, FENSELAU C. A biologically active metabolite of 
cyclophosphamide. Cancer Res 1973; 33.915. 

12. COLVlN M, BRUNDRETT RB, KAN MN, JARDINE I, FENSELAU C. Alkylating 
properties of phosphoramide mustard. Cancer Res 1976; 36:1121. 

13. ALFIERI AA, HAHN EW, KIM JH. The relationship between the time of 
fractionated and single doses of radiation and hyperthermia on the sensiti- 
zation of an in vivo mouse tumor. Cancer 1975; 36. 893. 

14. KIM JH, HAHN EW, TOKITA N, NISLE LZ. Local tumor hyperthermia in 
combination with radiation therapy. Cancer 1977; 40: 161. 

15. HAHN EW, ALFIERI AA, KIM JH. The significance of fractionation regimens in 
radiation and combined hyperthermia using a murine fibrosarcoma. Cancer 
1978; 42: 2596. 

16. HAZAN G, BEN-HuR E. Radiotherapy combined with hyperthermia: the 
fractionation problem. J Radiat Res 1979; 20: 243. 

17. MARMOR J. Interaction of hyperthermia and chemotherapy in animals. Cancer 
Res 1979; 39: 2269. 

18. SUOIURA K, STOCK CC. Studies in tumor spectrum. III. Effect of phospho- 
namides on the growth of a variety of mouse and rat tumors. Cancer Res 1955; 
15: 31. 

19. YERUSHALMI A. Influence on metastatic spread of whole-body or local tumor 
hyperthermia. Eur J Cancer 1976; 12" 455. 

20. YERUSHALMI A, WEINSTEIN Y. Stimulation of resistance to tumor growth of 
athymic nude mice pretreated by combined local hyperthermia and X- 
irradiation. Cancer Res 1979; 39: 1126. 

21. ROmNSON JE, WIZENBERO MJ, McCREADY WA. Radiation and hyperthermal 
response of normal tissue in situ. Radiology 1974; 113: 195. 

22. HAHN GM. Interactions of drugs and hyperthermia in vitro and in vivo. In: 
STREFl~ER C, et al, eds. Cancer Therapy by Hyperthermia and Radiation Baltimore: 
Urban & Schwarzenberg, 1978; 72. 


