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Historically 
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• Research focused on clinically relevant 

doses per fraction of 1–3 Gy 

• Radiobiology at these doses is quite “mature” 

• Little incentive/funding for high-dose research 

up until now 
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Why now use/test high-dose fractions? 
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• Because we can: Physics 

• Patient convenience and demand 

• Lower cost of whole treatment 

• Evidence that it can be very effective 

• Evidence of low α/β in some tumors, 

e.g. prostate, breast 

• Other tumors…?  Lets hypothesize: 

esophagus, melanoma, liposarcoma, 

GBM, Pancreatic ? 
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So why not LQ at high doses? 
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• Response is really linear at higher doses? 

• Vascular damage? 

• Immunological effects? 

• Increased apoptosis? 

• Mixed tumor cell populations with different 

response characteristics? 

Answers will depend on tissue type 

and tumor type / stage 
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Thames et al. Int J Radiat Oncol Biol Phys 1982;8:219 
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Effective D0 is too small at high doses 
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Linear 
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Simple DSB 

Complex DSB 

α 
β 

Curtis' LPL model 

Curtis SB. Radiat Res 1986;106:252 

Response heterogeneity 
 

Alternative damage response 

pathways and/or cell types 

which are dose dependent? 
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Vascular effects occur at high doses 
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Park HJ et al. 

Radiat Res 2012;177:311-27 

Functional 

intravascular 

volume 
 

Walker 256 tumors (s.c.) 

grown in legs of 

Sprague-Dawley rats 

 

Single dose radiation 

0 Gy 2 Gy 

5 Gy 10 Gy 

30 Gy 60 Gy 
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Vascular effects occur at high doses 
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Breast cancer patients 

Endothelial cells from normal breast or cancer 

Park HJ et al. Radiat Res 2012;177:311-27 

Normal 

Cancer 

Normal 

Cancer 
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Immunological effects at high doses 
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Tumor Normal lung Normal lung 
x40 x40 x20 

A549 Human NSCLC in lungs of nude mice 

27 days after 12 Gy single dose 

Hematoxylin-Eosin Masson-Trichrome 

Hillman GG et al. Radiother Oncol 2011;101:329-36 

H 
C 

IF 

F 

H 

Small tumor nodules (arrows) with 

degenerative changes in nuclei 

and cytoplasm. Multiple large 

vacuoles, hemorrhages [H] and 

scattered inflammatory infiltrates 

Heavy infiltration of inflammatory 

cells [IF] mostly lymphocytes and 

neutrophils. Fibrous tissue [F] in 

midst of inflammatory infiltrates 

Extensive fibrotic tissue [C] and 

hemorrhages [H] 
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Immunological effects at high doses 
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Normal lung in tumor-bearing lungs 50 days after 10 Gy 

Hillman GG et al. Radiother Oncol 2013;109:117-25 

Damaged Vessels 

Collagen IV: basement membrane 

Disruption and distortion 

of basement membrane 

of vessels (1 & 2) and 

thickened, inflamed and 

hemorrhagic septa (2) 

CD31: endothelial cells SMA: pericytes 

Control  29% 

Rad  42% 
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Inflammatory cytokines at high doses 
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Hillman GG et al. Radiother Oncol 2013;109:117-25 

IL-6 

*  * 

TNF-α 

 *  * 

IL-1β 

 *  * 

IFN-γ 

 * 
 * 

Response heterogeneity 
 

Mixed target cell populations with 

different sensitivities? 

Radiotherapy and Oncology, 9 (1987) 241- 248 

Elsevier 241 
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Summary 

 

The isoeffect equation derived from the linear-quadratic (LQ) model of cell survival contains linear and 

quadratic terms in dose. Experimental studies have shown that higher-order terms may also be present. These 

terms have been previously attributed to the fact that the LQ model may be the first two terms in a power 

series approximation to a more complex model. This study shows that higher-order terms are introduced as 

a result of heterogeneity in the response of the cell population being irradiated. This heterogeneity is modeled 

by assuming that the parameters a and b in the LQ model are distributed according to a bivariate normal 

distribution. Using this distribution, the expected value of cell survival contains third- and fourth-order terms 

in dose. These terms result in the previously observed downward curvature of Fe plots. Furthermore, these 

higher-order terms introduce bias in the estimated values of a and b, if only the linear and quadratic terms of 

the LQ model are used, and higher-order terms are ignored. The bias is such that the estimated value of 

a /b is substantially increased. Thus the higher values of a /b observed for early effects as compared to late 

effects may be due to greater heterogeneity of response in early-responding tissues than in later-responding 

tissues. This differential effect is maintained even if the two cell populations have the same average values of 

a and b. 
 

1. Higher-order terms (e.g. LQC) result from 

response heterogeneity 

2. Leads to increase in “measured” value of α/β 

3. Leads to “linearization” of the 

“cell survival curve” at higher doses 

4. Explains the higher α/β for early effects 

and in some tumors 
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Response heterogeneity 
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–15 –20 

30% 

70% 
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Response heterogeneity 
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30% 

70% 

Int J Radiat Oncol Biol Phys 2014;88:254-62 

LQ applies at high dose per fraction 
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Radiother Oncol 2013; 

109:21-5 

…consistent with hypothesis that use of the LQ model to 

estimate tolerance doses for SBRT treatments with large fraction 

sizes is likely to lead to underestimation of those doses. 

This finding is consistent with the possibility that the target-cell 

survival curve is increasingly linear with increasing dose.   
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Repair Saturation fits better than LQ 

Sheu T et al. Radiother Oncol 2013;109:21-5 

2 doses to 14 Gy 

Interval = 4 h 

Size of first dose  (Gy) 

RS 

LQ 
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Why does this make a difference? 

High-dose log-linear (HDLL) model predicts higher 

isoeffect dose than LQ as the curve goes linear 

At what dose 

does this 

divergence 

become 

significant? 

HDLL 

LQ 

Courtesy: 

HD Thames 
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Approach 

• Consider three tumor sites (breast, prostate, lung) 

where hypofractionation or SBRT is being used 

• Identify relevant α/β values of tumor and NTs, and 

doses per fraction used clinically 

• Choose HDLL models consistent with parameters 

• Estimate size of dose per fraction at which 10% or 

greater disparity between predicted isoeffect 

doses occurs 

• Compare this with doses actually in use clinically 
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Results 

Breast: For dose/fraction 2.7-3.3 Gy, LQ predictions of 

isoeffect doses are approximately correct for tumor response 

and toxicity, but too low for higher doses per fraction (>6 Gy) 

Prostate: For dose/fraction of 2.7-3.1 Gy, LQ predictions of 

isoeffect doses are approximately correct for tumor response 

and toxicity, but too low for higher doses per fraction (>4 Gy). 

This undermines to some extent the LQ-predicted therapeutic 

gain from hypofractionation 

Lung: For dose/fraction < 10 Gy, LQ predictions of isoeffect 

doses are approximately correct for tumor response and early 

toxicity, but too low for higher doses per fraction (>12 Gy) 

Courtesy: 

HD Thames 
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Hypofractionation: Research to do 

• Physics + Biology 

- superb dose definition: QA 

- optimizing image guidance 

- rapid delivery: high dose-rate effects? 

• Biology + Physics 

- can low tumor “α/β” be exploited clinically? 

- is LQ still good for high-dose fractions? 

- vascular and immunological effects? 


