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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
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No. colonies formed
   No. cells plated

Surviving fraction =

e.g.,  10 colonies
           100 cells

= 0.1
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Reactions with the Target

1. Direct effect – Ionisations occur in the target
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2. Indirect effect – Ionisations occur in water
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 The most important product is believed to be the OH· 
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What happens to R● ?

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)
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Classical assays for assessing hypoxia

A) Clamped survival         B) Clamped growth delay     C) Clamped tumour control

Grau (unpublished observations)



Measuring hypoxia in human tumours

⚫ Vascular based methods
 Biopsy/immunohistochemistry

 Intercapillary distance
 Vascular density
 Cell to nearest vessel distance
 HbO2 saturation

 Imaging approaches
 HbO2 saturation (NIRS/BOLD)
 PET (15Oxygen labelled water)
 CT perfusion
 DCE-MRI

⚫ Direct Oxygen measurements
 Electrodes (Glass/Eppendorf)
 EPR

⚫ Endogenous markers
 Individual genes/proteins

 Biopsy studies
 Serum/Plasma

 Gene signatures

⚫ Exogenous markers
 Biopsy/immunohistochemistry

 Nitroimidazole markers
 Imaging approaches

 PET (nitroimidazoles)
 CuATSM
 MRI (nitroimidazoles)
 SPECT (nitroimidazoles 

/technetium)

⚫ Surrogate markers
 Metabolism

 Biopsy/bioluminescence 

(Lactate/ATP/glucose)
 Imaging (FDG/MRS)

 DNA damage
 Comet assay 
 H2AX phosphorylation

 Interstitial fluid pressure
 Probes
 DCE-MRI
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Eppendorf Oxygen electrode
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Hypoxia Gene Expression Classifier 

Toustrup et al. (2011) Cancer Res. 71:5923-5931 

In vitro & in vivo Clinical



Hypoxic Gene Signatures

Harris et al. (2017) Clin. Oncol. 27:547-560 



Hypoxic Cells: Impact on Therapy

Resistant

▪ Radiation

▪ Doxorubicin

▪ Actinomycin D

▪ Bleomycin

▪ Vincristine

▪ Methotrexate (?)

▪ 5-flurouracil (?)

▪ Cisplatin (?)

▪ Streptonigrin

▪ Procarbazine

Sensitive

▪ Hyperthermia

▪ Etoposide

▪ BCNU/CCNU (?)

▪ Alkylating agents (?)

▪ Mitomycin C

▪ E09

▪ PR-104

▪ TH-302

▪ Tirapazamine

▪ Banoxantrone



Hoeckel et al. (1996) 
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Approaches for dealing with hypoxia

▪ Increasing oxygen delivery

 - High oxygen content gas breathing (e.g., HBO, carbogen) 

 - Altering haemoglobin (e.g., transfusion, EPO, 2,3-DPG, PFE)

 - Reducing fluctuations in flow (e.g., nicotinamide, pentoxifylline)

 - Decreasing oxygen consumption (e.g., metformin, phenformin, atovaquone)

 - Increasing blood flow (e.g., hyperthermia)

▪ Radiosensitizing hypoxic cells

 - Nitroaromatic sensitizers (e.g., Misonidazole, Nimorazole, Doranidazole)

 - Hyperthermia

▪ Preferentially killing hypoxic cells

 - Hyperthermia

 - Bioreductive drugs (e.g., Tirapzamine, AQ4N, PR-104, TH-302)

▪ Vascular targeting therapies

 - Angiogenesis inhibitors (e.g., avastin, DC101, TK inhibitors)

 - Vascular disruptive agents (e.g., CA4P, OXi4503, DMXAA, hyperthermia)

▪ Radiation

 - Dose painting

 - High LET radiation
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Cell killing by heat

Dewey et al., Radiol 
(1977) 123:463-474

Lindegaard & Overgaard 
(1987) Int. J. Hyperthermia 
3:79-81

Fever range:         37-42OC
Hyperthermia:      40-45OC
Thermal ablation:  >45OC

In Vitro

In Vivo



Targets for heat

▪ Membranes - lipids

   - proteins 

▪ Cytoskeleton - microfilaments

   - microtubules

▪ Cytosol - mitochondria

   - lysosomes

   - respiration/glycolosis

   - protein synthesis

▪ Nucleus - DNA replication

   - RNA synthesis

   - chromosomal damage

http://i.ehow.co.uk/images/a05/47/ro/cell-structure-animal-800X800.jpg
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Protein inactivation

Heacock et al. (1982) 
JNCI 61:73-75
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Cell survival



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

Hypoxia and pH

Elming et al. (2019) Cancers

Vascular damage



 HA-1 (6 Gy; 43OC)
 EMT6 (6 Gy; 43OC)
 Madcap-37 (5 Gy; 42.5OC)
 CHO (5 Gy; 42.5OC)
 CHO (5.5 Gy; 43OC)

 C3H mammary adenoca.
 C3H mammary ca.
 Mouse fibrosarcoma
 Squamous carcinoma D
 Carcinoma NT

   [all at 42.5OC, 60 min.]

In vitro cell lines In vivo tumors In vivo normal tissues

Combining radiation and hyperthermia
Influence of sequence and interval

 Mouse skin (42.5OC)
 Mouse skin (42.5OC)
 Mouse intestine (41.8OC)
 Rat tail (43OC)
 Mouse skin (42OC)
 Mouse skin (43OC)
 Mouse skin (42.5OC)
   [all heated for 60 min.]

Sinha et al. (submitted to Cancer)



Radiation + Hyperthermia

 Tumour
 Skin

42.5OC 1-hour

Horsman & Overgaard (2007) Clin. Oncol. 19:418-426



Radiosensitization by Hyperthermia

Overgaard (1980) Br. J. Cancer 41:10-21

Elming et al. (2019) Cancers

 Misonidazole
 Doranidazole
□  Nimorazole
-- Hyperthermia



Mechanism for 
the interaction

Van den Tempel et al. (2016) Int. J. Hyperthermia 32:446-454

 Tumour
 Skin

42.5OC 
1-hour
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Meta-analysis of randomised clinical trials of  radiation (RAD) + hyperthermia (HEAT)

Elming et al. (2019) Cancers



Questions?
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