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Relationship between the vascular 
supply of tissues and heat

▪ Blood flow influences the tissue 
response to heat

- ability to heat the tissue
- determines the microenvironment

▪ Hyperthermia changes blood flow in 
tissues and this will affect tissue 
physiology



Vaupel et al. (1989) Cancer Res. 49:6449-65 

Blood flow in tissues



Major Structural and Functional Abnormalities :

  Abnormal vascular density
  Contour irregularities
  Loss of hierarchy
  Lack of regulatory control mechanisms
  Structural defects in vessel walls 
  Increased vascular permeability
  Flow irregularities
  Cellular aggregations/blockage
  Increased haematocrit

Horsman & Vaupel (2016) Frontiers 
in Oncology Research Topics

Tumour .v. Normal tissue vessels

Weinberg (2014) The 
Biology of Cancer (2nd Ed.)



Horsman et al. (2012) Nat. Rev. Clin. Oncol. 9:674-687



Vaupel et al. (1989) Cancer Res. 49:6449-6465 

Oxygenation and pH



Vaupel (1979) Jain et al. (1984) JNCI 73:429-436

Effect of tumor size



Patterson & Strang (1979) 
IJROBP 5:235-41

Relationship between blood flow and temperature



Hill & Denekamp (1978) 
Br. J. Radiol. 51:997-1002

Effect of modifying tissue blood flow

Voorhees & Babbs (1982) 
EJCCO 19:1027-33



HDZ DMXAA

Temperature required 41.5ºC 41.5ºC

Effective temperature 42.2ºC 42.5ºC

Actual temperature 41.7ºC 41.7ºC

Decrease in pO2
1 41% 42%

Decrease in pH2 0.40 units 0.21 units

1Based on % pO2 values ≤ 5mmHg
2Obtained from NMR studies



Exploiting tumour pathophysiology to 
improve the therapeutic potential of 

hyperthermia

▪ Modifiers of the microenvironment

▪ pH modification

▪ Transient modifiers of blood flow

▪ Vascular targeting agents:

▪ Angiogenesis inhibitors (AIs)

▪ Vascular disrupting agents (VDAs)



Urano (1988) Hyperthermia 
& Oncology 1:161-200

Kahler & Robertson 
(1943) JNCI 3:495-501

Urano (1988) Hyperthermia 
& Oncology 1:161-200

Injecting glucose



Vaupel et al. (1989) Int. J. 
Hyperthermia 5:199-210

Mueller-Klieser et al. (1996) Int. 
J. Hyperthermia 12:501-511

Infusing glucose

 Controls
 Infusate+heat (All)
 Infusate+heat (Responders)
 Infusate+heat (Non-responders)

Infusate (glucose/lactate/buffer; 
60 min) + Heat (43OC; 30 min)



Lonidamine

Coss et al. (2014) Int. J. Hyperthermia 30:75-78

Lonidamine for 60 min prior to and during heating (42OC, 2h)

37OC (white)
LND at 37OC (stippled)
42OC (gray)
LND+42OC (black)



Transient modifiers of tumour blood flow

▪ Hydralazine/Cadralazine

▪ Nitroprusside

▪ 5-hydroxytryptamine

▪ Noradrenaline

▪ Angiotensin ΙΙ

▪ Anaesthetics

▪ Glucose

▪ Hb-O2 affinity modifiers

▪ Embolizing agents

▪ Certain drugs

▪ NO inhibitors

▪ Bioreductive drugs

▪ Chemical radiosensitizers



Hydralazine and Cadralazine (5 mg/kg; i.v.)

Controls
 Hydralazine
 Cadralazine

 Heat (43.5OC)
 HDZ/CDZ + Heat

Horsman et al. (2000) 
Expt. Oncol. 22:32-37



Vascular targeting agents

AIs

▪ TIMP
▪ Thalidomide
▪ Suramin and analogues
▪ Fumagillin and TNP470
▪ Cytokines
▪ CAI
▪ Endostatin 
▪ Angiostatin 
▪ Thrombospondin
▪ Arginine Deiminase
▪ Anginex
▪ Anti-VEGF(R) Ab
▪ Bay 43-9006 (Sorafenib)
▪ SU5416
▪ SU6668
▪ SU11248 (Sunitinib)
▪ PTK787/ZX 222584
▪ ZD6474
▪ EGFR inhibitors
▪ COX-2 inhibitors
▪ Chemotherapy

VDAs

▪ Hyperthermia
▪ Photodynamic therapy
▪ LAK cell therapy
▪ Tumour necrosis factor
▪ Interleukins
▪ Interferon-gamma
▪ Vinka alkaloids
▪ Colchicine
▪ Arsenic trioxides
▪ Dolastatins
▪ FAA
▪ DMXAA
▪ CA4DP
▪ AVE8062
▪ ZD6126
▪ OXi-4503
▪ MN-029
▪ NPI-2358
▪ Ligand-based approaches 
▪ (Ab, peptides, growth factors)
▪ Radiation



Combination studies with AIs and hyperthermia

AIA Tumour Heating Reference

TNP-470 ESO-2 human oesophageal 43OC Yano et al (1995)

NSC-8 human gastric cancer 43OC Yano et al (1995)

SCCVII mouse carcinoma 42 – 44OC Nishimura et al (1996)

Batimastat BT4An rat glioma 44OC Eikesdal et al (2002)

Nishimura et al. (1996) BJC 73:270-274 Eikesdal et al. (2002) IJH 18:141-152



VDA Tumour Heating Reference

TNF DS-carcinosarcoma 43 + 44OC Kallinowski (1989)

SCK mammary carcinoma 42.5OC Lin (1996)

ATO SCK mammary carcinoma 41.5 – 42.5OC Griffin (2000, 2003)

FSaII  fibrosarcoma 42.5OC Griffin (2000, 2003)

VBL BT4An glioma 44OC Eikesdal (2001)

FAA C3H mammary carcinoma 40.5 – 42.5OC Horsman (1991, 1996, 2001)

B16 melanoma 43OC Sakaguchi (1992)

DMXAA C3H mammary carcinoma 39.5 – 42.5OC Murata (2001, 2004)

CA4P BT4An glioma 44OC Eikesdal (2000, 2001)

C3H mammary carcinoma 40.5 – 42.5OC Murata (2001)

OXi4503 C3H mammary carcinoma 39.5 – 42.5OC Hokland (2007)

Combination studies with VDAs and hyperthermia





Hokland et al. (2010) Int. J. Hyperthermia 26:264-272

Effect of Heat



Vaupel et al. (1990) Int. J. 
Hyperthermia 6:15-31

Lee et al. (1986) Int. J. 
Hyperthermia 2:213-222

Energy status

pH

Lactate

 43.5OC; 15 min
 43.5OC; 30 min
 43.5OC; 60 min



Vaupel & Kallinowski (1987) Recent Results in Cancer Res 4:71-109



Song (1990) Cancer 
Res. 44:4721s-4730s

Vaupel (1993)

Effect of heat on 
tissue blood flow



Song (1991)
Gyldenhof et al. (1996) 
Hyperthermic Oncology 780-782



Hyperthermia and tumor reoxygenation



Meta-analysis of randomised clinical trials of radiation (RAD) + hyperthermia (HEAT)

Elming et al. (2019) Cancers



Direct effect
     RH           RH+ + e-

     RH+         R· + H+

Indirect effect 
     H2O          H2O

+ + e-

     H2O
+        H+ + OH· 

    RH + OH·         R· + H2O

In absence of oxygen or in presence of –SH
R· + SH        RH + S· 
(Target restitution)

In presence of oxygen
R· + O2           RO2·        ROOH

(Oxygen fixation hypothesis)



Shakil et al. (1999) Int. J. Radiol. Oncol. Biol. Phys. 43:859-865



Horsman & Overgaard (1997) Int. J. Hyperthermia 13:141-147



Hyperthermia and oxygenation

▪ Brizel et al. (1996) Cancer Res 56:5347-50
 - human soft tissue sarcomas
 - pO2 increased after heating and this
    increase correlated with necrosis.

▪ Vujaskovic et al. (2003) IJH 19:498-506
 - breast cancer
 - after heating pO2 increased in tumours that were 

  originally hypoxic.

▪ Jones et al. (2004) Clin Cancer Res 10:4287-93
- locally advanced breast cancer
- pO2 after hyperthermia increased in responders 

   (CR + PR) and decreased in non-responders.



Hetzel et al (1992) Rad Res 131:152-6Duke  University studies



Dewhirst et al (2022) Cancers 14:1701

Possible mechanisms for reoxygenation following heat



Roizin-Towle & Pirro (1991) 
IJROBP 20:751-756

Overgaard & Bichel (1977) 
Radiol. 123:511-514
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