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n D d 1/D 1/n

1 16.5 16.5 .0606 1.0

2 21.9 10.95 .0457 .5

4 29.4 7.35 .0340 .25

8 39.0 4.88 .0256 .125

16 50.3 3.14 .0199 .0625

32 60.9 1.90 .0164 .03125

64 69.3 1.08 .0144 .015625
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α/β = int /slope

Damage from a single fraction = αd + βd 2
Total damage from n fractions, E = n(αd + βd 2)

E = αD + βd D E/D = α + βd 1/D = (α/E) + (β/E)d
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α/β for early and late responding animal normal tissues
Early reactions Late reactions

______________________________________________________________________________________________________________________

α/β References                                           α/β References
______________________________________________________________________________________________________________________
Skin Spinal cord
Desquamation 9.1 - 12.5 Douglas and Fowler (1976) Cervical 1.8 - 2.7 van der Kogel (1979)

8.6 - 10.6 Joiner et al (1983) Cervical 1.6 - 1.9 White and Hornsey (1978)
9 - 12 Moulder and Fischer (1976) Cervical 1.5 - 2.0 Ang et al (1983)

Jejunum Cervical 2.2 - 3.0 Thames et al (1988)
Clones 6.0 - 8.3 Withers et al (1976) Lumbar 3.7 - 4.5 van der Kogel (1979)

6.6 - 10.7 Thames et al (1981) Lumbar 4.1 - 4.9 White and Hornsey (1978)
Colon 3.8 - 4.1 Leith et al (1981)
Clones 8 - 9 Tucker et al (1983) 2.3 - 2.9 Amols, Yuhas (quoted by
Weight loss 9 - 13 Terry and Denekamp (1984) Leith et al, 1981)
Testis Colon
Clones 12 - 13 Thames and Withers (1980) Weight loss 3.1 - 5.0 Terry and Denekamp (1984)
Mouse lethality Kidney
30d 7 - 10 Kaplan and Brown (1952) Rabbit 1.7 - 2.0 Caldwell (1975)
30d 13 - 17 Mole (1957) Pig 1.7 - 2.0 Hopewell and Wiernik (1977)
30d 11 - 26 Paterson et al (1952) Rats 0.5 - 3.8 van Rongen et al (1988)
Tumour bed Mouse 1.0 - 3.5 Williams and Denekamp 
45d 5.6 - 6.8 Begg and Terry (1984) Mouse 0.9 - 1.8 Stewart et al (1984 a)

Mouse 1.4 - 4.3 Thames et al (1988)
Lung

LD50 4.4 - 6.3 Wara et al (1973)
LD50 2.8 - 4.8 Field et al (1976)
LD50 2.0 - 4.2 Travis et al (1983)
Breathing rate 1.9 - 3.1 Parkins and Fowler (1985)

Bladder
Frequency, 5 - 10 Stewart et al (1984 b)
capacity

______________________________________________________________________________________________________________________

10.6 Gy 3.0 Gy

Table 9.1, Basic Clinical Radiobiology 5th Ed



α/β for many experimental tumors is
~≥α/β for early-reacting normal tissues



Int J Radiation Oncology Biol Phys
2011;79:195-201

Mean = 1.55 [CL 0.46 – 4.52]

Fractionation in prostate cancer



Fractionation in prostate cancer
1.55 (0.46–4.52) Gy 5093 patients    Proust-Lima C
PSA evolution median follow up 4.7 years    d/f < 2.8 Gy
6 institutional datasets, no risk-group dependence
Int J Radiat Oncol Biol Phys 2011;79:195-201

1.4 (0.9–2.2) Gy 5969 patients    Miralbell R
Biochem relapse free survival at 5 years    d/f < 6.7 Gy
7 institutional datasets, no risk-group dependence
Int J Radiat Oncol Biol Phys 2012;82:e17-e24

1.86 (0.7–5.1) Gy 274 patients    Leborgne F
Biochem disease free survival at 5 years    d/f < 3.15 Gy
Single institution, no risk-group dependence
Int J Radiat Oncol Biol Phys 2012;82:1200-7

1.48 Gy



Fractionation in breast cancer

Mean = 3.5  [CL 1.2–5.7]



Table 10.1: α/β values for human normal tissues and tumors
Tissue/organ Endpoint α/β (Gy) 95% CL (Gy) Source 
Early reactions
Skin Erythema 8.8 6.9; 11.6 Turesson and Thames (1989)

Erythema 12.3 1.8; 22.8 Bentzen et al. (1988)
Dry desquamation ~8 N/A Chogule and Supe (1993)
Desquamation 11.2 8.5; 17.6 Turesson and Thames (1989)

Oral mucosa Mucositis 9.3 5.8; 17.9 Denham et al. (1995)
Mucositis 15 –15; 45 Rezvani et al. (1991)
Mucositis ~8 N/A Chogule and Supe (1993)

Late reactions
Skin/vasculature Telangiectasia 2.8 1.7; 3.8 Turesson and Thames (1989)

Telangiectasia 2.6 2.2; 3.3 Bentzen et al. (1990)
Telangiectasia 2.8 –0.1; 8.1 Bentzen and Overgaard (1991)
Telangiectasia 3.8 1.8; 5.7 Haviland et al. (2013)

Subcutis Fibrosis 1.7 0.6; 2.6 Bentzen and Overgaard (1991)
Breast Cosmetic change in appearance 3.5 0.7; 6.4 Haviland et al. (2013)

Induration (fibrosis) 4.0 2.3; 5.6 Haviland et al. (2013)
Breast Oedema 4.7 2.4; 7.0 Haviland et al. (2013)

Muscle/vasculature/cartilage Impaired shoulder movement 3.5 0.7; 6.2 Bentzen et al. (1989)
Nerve Brachial plexopathy <3.5 N/A Olsen et al. (1990)

Brachial plexopathy ~2 N/A Powell et al. (1990)
Optic neuropathy 1.6 –7; 10 Jiang et al. (1994)

Spinal cord Myelopathy <3.3 N/A Dische et al. (1981)
Eye Corneal injury 2.9 –4; 10 Jiang et al. (1994)
Bowel Stricture/perforation 3.9 2.5; 5.3 Deore et al. (1993)

Various late effects 4.3 2.2; 9.6 Dische et al. (1999)
Lung Pneumonitis 4.0 2.2; 5.8 Bentzen et al. (2000)

Lung fibrosis (radiological) 3.1 –0.2; 8.5 Dubray et al. (1995)
Head and neck Various late effects 3.5 1.1; 5.9 Rezvani et al. (1991)

Various late effects 4.0 3.3; 5.0 Stuschke and Thames (1999)
Supraglottic larynx Various late effects 3.8 0.8; 14 Maciejewski et al. (1986)
Oral cavity + oropharynx Various late effects 0.8 –0.6; 2.5 Maciejewski et al. (1990)

Tumours
Head and neck

Various 10.5 6.5; 29 Stuschke and Thames (1999)
Larynx 14.5 4.9; 24 Rezvani et al. (1993)
Vocal cord ~13 ‘Wide’ Robertson et al. (1993)
Buccal mucosa 6.6 2.9; ∞ Maciejewski et al. (1989)
Tonsil 7.2 3.6; ∞ Maciejewski et al. (1989)
Nasopharynx 16 –11; 43 Lee et al. (1995)

Lung (NSCLC, early) 8.2 7.0; 9.4 Studchke and Pöttgen (2010)
Skin 8.5 4.5; 11.3 Trott et al. (1984)
Prostate 2.7 1.6; 3.8 Vogelius and Bentzen (2018)
Breast 3.5 1.2; 5.7 Haviland et al. (2013)
Oesophagus 4.9 1.5; 17 Geh et al. (2006)
Melanoma 0.6 –1.1; 2.5 Bentzen et al. (1989)
Liposarcoma 0.4 –1.4; 5.4 Thames and Suit (1986)

Mean Late 2.9
Mean Early 10.6

H&N, Lung tumors high,
Breast, Prostate tumors low
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Decreasing interval
between fractions

gives greater effect

5 fractions



3 h interval

d

pneumonitis in mice

1/D

Complete repair
(≥ 24 h interval)

Incomplete repair observed



Basic LQ equation:

LQ equation with incomplete repair:

m is the number of fractions per day

Hm varies from:
0  (“full repair”)     to     m-1  (“no repair”)



Incomplete repair factors: fractionated irradiation (Hm factors)

Table 9.2



Half times for recovery (T1/2) in normal tissues

Tables 9.3, 10.2



complex non-linear
dependence

Early reactions in skin



Figure 12.1:  Dorr & Kummermehr 1990, Dorr et al 1993, Ruifrok et al 1992, Landuyt et al 1997

No time factor for late reactions



Do NOT put proliferation factors
in your LQ calculations.

Consider the effect of proliferation 
separately from changes in

dose per fraction and
interfraction interval.

EQD2…



Coming up…
Calculations!



Bentzen SM et al. Radiother Oncol 2012;105:266-8

EQD2
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