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LEARNING OBJECTIVES

ÅWhat is the rationale of SBRT?

ÅDose-effect relationships 

ÅWhat effect does occur increasingly at higher doses per fraction? 

ÅAre ñRsò of radiotherapy still relevant to SRS/ SBRT regimens? 

ÅLQ models for SBRT 

ÅRational of prescription schemes 

ÅDoes the LQ model work at high doses? 

ÅProposed radiobiological models for SBRT 

ÅRadiobiology of SBRT in practice 

ÅLatest trends



RATIONALE OF SBRT  

òTechnology that uses elements of 3D conformal therapy in addition to 

stereotactic targeting while incorporating systems for decreasing the effects of  

lung and other organ movements that would otherwise translate into target 

motion.ó 

ÅThe Rationale 

ÅHighly ablative dose in a few fractions (typically < 5 fractions) 

ÅPromotes cell death, while allowing time for repair and repopulation of  

normal tissues. 

(Timmerman R., et al. Journal of  Clinical Oncology, 

Vol 24, No 30, 2006, pp4833-4839)



SBRT

Began as an extension of  SRS and shares some of  the same characteristics. 

ðHypofractionation with markedly increased dose per fraction. 

ðSignificantly reduced elapsed treatment time (Timmerman et al. 2006)

ðDramatic reduction in size of  the treatment volume. 

ðEffective immobilization and tumor motion management. 

ðA high level of  confidence in the accuracy and precisionof  treatment delivery 

practices. (AAPM Task Group Report 101: Stereotactic body radiation therapy)



SBRT

Attempts to mimic the 

dose distribution of SRS.

Å Prescribed to an isodose 

line with 70 ð90% (usually 

80%) 

Å High dose/fx

Å Conformal to PTV 

ÅHigh precision

ÅHigh accuracy



6

THE TARGET IN RADIOTHERAPY

ÅThe bulk tumour

Åmay be able to distinguish different 

parts of  the tumour in terms of  

radiosensitivity and clonogenic activity

ÅConfirmed tumour spread

ÅPotential tumour spread 

ÅLarge mass (1kg) = 1012 cells - need three orders of  magnitude Ąmore cell kill

ÅPalpable tumour (1cm3) = 109cells !!!

ÅMicroscopic tumour, micrometastasis= around 106 cell - need less dose 



´IF YOU CAN'T SEE IT, 
YOU CAN'T HIT IT, 

AND IF YOU CAN'T HIT IT, 

YOU CAN'T CURE ITµ

Ç Rationale of SBRT 



PTV MARGINSIN SBRT

ÅGTV 

To be delineated by the 

physician using multi-

modality imaging 

ÅITV 

Å4DCT /SBRT optimal 

for target definition 

ÅPTV 

ÅITV + margin 

expansion according to 

the selected delivery 

strategy 



HALLMARKSOF SBRT

ÅRapid fall -off of radiation 

dose at the periphery of  target 

ÅMinimal dose to surrounding tissues

ÅHigh dose conformity

ÅSmall beams  

Accurate dose calculation algorithms are 

mandatory  (AAPM 101) 

Dose/ Dose-
rate 

Low on 
organsat risk  

High on 
tumor



THE LINEAR QUADRATIC MODEL

ña-damageòĄaD

ñb-damageòĄbD2

The LQ model is simpleand convenientbetterfit in the low 

doseðhigh survival region:  

Åɻ(lethal/non -repairable) & ɼ(sub-lethal/reparable) 

Åɻ/ɼratio for early and late reactions in human normal

tissuesconsistentwith resultsfrom experimentalmodels
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THE LINEAR QUADRATIC MODEL

ÅCell survival:

single fraction: SF = exp(-(ŬD + ɓD2))

(n fractions of size d: SF = exp(- n (Ŭd + ɓd2))

ÅBiological effect:

E = - ln (SF) = ŬD + ɓD2 

E = n (Ŭd + ɓd2) = nd(Ŭ + ɓd) = D (Ŭ + ɓd)

tumor
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BIOLOGICAL EFFECTIVENESS

E/Ŭ = - ln (SF) /Ŭ = BED = (1 + d / (Ŭ/ɓ)) * D = RE * D

ÅBED = biologically effective dose, the dose which would be required 

for a certain effect at infinitesimally small dose rate (no beta kill)

ÅRE = relative effectiveness



LQ MODEL

OARs

tumor



BIOLOGICAL EFFECTIVENESS

Are the lesions large or small?
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EXTENSION OF LQ MODEL TO INCLUDE TIME:

E = - ln S = n * d (Ŭ + ɓd) - ɔT

Including Tk ("kick off time") which allows for a time lag before the 

tumourswitches to the fastest repopulation time:

BED = (1 + d / (Ŭ/ɓ)) * nd- (ln2 (T - Tk)) / ŬTp



ÅReoxygenation: When tumors are treated with SBRT the intra-tumor 

environment will become hypoxic leading to secondary cell death due to 

vascular damage  

ÅRepair: Vascular damage and ensuing chaotic intra-tumor environment may  

significantly hinder repair of  radiation damage 

ÅRedistribution: after irradiation with dose of  >15-20 Gy, cells are indefinitely 

arrested in the phases of cell cycle where they were irradiated and undergo 

interphase cell death  

ÅRepopulation: repopulation of  tumor cells will not be substantial during the 

course of   SBRT  (1-2 weeks) 

Differential biological effect between tumor and normal tissue is largely gained through 

minimization of normal tissue volume in SBRT

SBRT 4RsREVISITED 



BED

Assuming an 
♪

♫
ἑὁ, w hat is the LQ BED of 50 Gy in 5 

fractions? 

a) 50 Gy 

b) 60 Gy

c) 100 Gy 

d) 105.5 Gy

e) 150 Gy

BEDLQ=Nd1+
Ὠ

‌Ⱦ‍



BED

Assuming an 
♪

♫
ἑὁ, w hat is the LQ BED of 50 Gy in 5 

fractions? 

a) 50 Gy 

b) 60 Gy

c) 100 Gy 

d) 105.5 Gy

e) 150 Gy

BEDLQ=Nd1+
Ὠ

‌Ⱦ‍

c) 50 Gy in 5 fractions = 50 (1+10/10)=50(1+1)=100 Gy



Assuming an ρπ'Ù, which prescription scheme 

have LQ BED <100 Gy? 

a) 50 Gy in 5 fractions

b) 40 Gy in 4 fractions 

c) 48 Gy in 4 fractions

d) 42 Gy in 3 fractions

e) 34 Gy in 1 fraction



Assuming an ρπ'Ù, which prescription scheme 

have LQ BED <100 Gy? 

a) 50 Gy in 5 fractions 

b) 40 Gy in 4 fractions

c) 48 Gy in 4 fractions

d) 42 Gy in 3 fractions

e) 34 Gy in 1 fraction



THE OTHER ANSWERS 

Å50 Gy in 5 fractions = 50 (1+10/10)=50(1+1)=100 Gy 

Å40 Gy in 4 fractions = 40 (1+10/10)=40(1+1)=80 Gy  

Å48 Gy in 4 fractions = 48 (1+12/10)=48 (1+1.2)=105.6  Gy  

Å42 Gy in 3 fractions = 42 (1+14/10)=42 (1+1.4)=100.8  Gy  

Å34 Gy in 1 fraction = 34  (1+34/10)=34 (1+3.4)=149.6  Gy  



NSCLC

The 3-ys local control rates were 

89% and 62%  for >100 Gy and 

<100 Gy BED (p = 0.0001)

Ŭ/ɓ=10 Gy



NSCLC

> 24 months 

Ŭ/ɓ=8.6 Gy



SBRT

Dose heterogeneity within 

the PTV is desired! 

ÅHigher central dose to GTV because 

> hypoxic fraction.  

ÅOptimally, the GTV will receive 

~10% greater dose than the outside 

edges of  the PTV. 

ÅSharp dose gradient outside the 

tumor is desired. 

ÅRequires effective patient 

immobilization. 

ÅRequires use of  multiple non-

coplanar static fields or dynamic arcs.



TYPE OF HYPOXICCELLS

Åchronic hypoxia results from the 
limited diffusion distance of  oxygen 
through tissue, i.e. some cells may 
remain hypoxic for a long period of  
time; 

Åacute hypoxia is a result of  the 
temporary  closing of  tumor blood 
vessels and is therefore transient. 



ACUTE HYPOXIA

ÅTumor blood vessels open and close in a 
random fashion so that different regions of  
the tumor become hypoxic intermittently. 

ÅWhen a dose of  radiation is delivered a 
proportion of  the tumor cells may be 
hypoxic but at the next dose of  radiation a 
different group of  cells may be hypoxic. 

ÅWhen many doses of  radiation are 
delivered the acute hypoxia is of  no further 
importance. 







As the cells density 

decreases the tumor 

shrinks in size, 

surviving hypoxic 

cells that previously 

were beyond the 

range of  oxygen 

diffusion find 

themselves closer to 

a blood supply and 

so reoxygenate.





º This reoxygenation, taking 
place over a period of 1-2 
days as the tumor shrinks, 
involves reoxygenation of 
cells that were chronically 
hypoxic. 

º We assumed that the cells 
able to reoxygenate before 
the next dose fraction will 
be indicated by ñBò varying 
in accordance with dose 
fraction. 



There was a correlation 

between the magnitude of  

the change in the Hypoxic 

Fraction (HF) during 

therapy and the change in 

cell density which 

generally had a large 

decrease in hypoxic 

fraction and hence a large 

increase in PO2 during 

therapy.

Ling H et al. IJROBP 2000, 46:935-946 





The decrease in 

cell density 

depends on dose 

fraction and a,b

LQ model 

parameters



ÅWhen a tumor contains a sizeable fraction of  hypoxic cells, 
its response to a course of  fractionated radiation will be 
determined by several factors:

ÅThe fraction of  hypoxic cellsĄh

Åthe Oxygen Enhancement Ratio Ą OER;  

Åthe extent of  Reoxygenation Ą B;

Åand dose per fraction Ą d.

Lee SP, Withers R, 7th Int. Conf. on Dose, Time and fractionation in Radiation Oncology, Madison WI 2004 



ÅThe surviving fractions after one irradiation with a dose d, are given by:

Åfor oxic(o) and hypoxic (h) clonogens, respectively,  

Åwhere: ;

;
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Åbased on the modified Linear Quadratic (LQ)  model for Tumor

Control Probability from the     Ruggeri and Nahum approach, 

the TCP can be written: 

ÅwhereN is the number of  tumour clonogensand  Po and Ph are the 

surviving fractions for oxicand hypoxic clonogens, respectively; 

is the mean of  number of  tumour clonogenscharacterized by a 

standard deviation 
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ÅThe Pi can be written as follows: 
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where: 

º his the hypoxic fraction

º the k-th term in the summation takes into account that fraction of the 

h-clonogens which undergoes reoxygenation after (n-k) irradiations 

only, thus undergoing the remaining k fractions in a well-oxygenated 

state



VARYING HYPOXIC FRACTION IN A TUMOR

No 109 cells

HF variable

Teff 300 days

DT 1.4 days

B 0.01

ao 0.21 Gy-1

bo 0.14 Gy-2

ah 0.12 Gy-1

bh 0.013 Gy-2

BED







Fowler J F 2008 Linear quadratics is alive and well: in regard to 
Park et al. (Int J Radiat Oncol Biol Phys 2008;70:847-852) Int J 
RadiatOncolBiolPhys.72 957

Question 1: IS THE LQ MODEL APPROPRIATE TO MODEL EFFECTS IN SBRT? 

LQ poor

High-dose linear component could be achievedby assuminga 

higherɻ/ɼrationale for higherɻ/ɼin rapidly proliferating & 

hypoxic tumors
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On the log-linear plot, the LQ

curve closely fits these 

experimental results for 

Chinese hamster cells in 

culture up to a dose of  6 Gy, 

but then continues to bend. 

The experimental results are 

observed to become linear at 

high dose.  

LQL
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N 0, h, Teff , a0, b0 

ah,bh

PARAMETERS 

Nahum et al. 2003

Carlson et al. 2006
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UNIVERSAL SURVIVAL CURVEPARK  ET AL. 2008

Combine the LQ model with the multi-target model at high dose 

USC



Wennberget al. 2013  

Isoeffect curves for (a) tumors and (b) normal tissues, calculated with LQ and USC 

The steepness of the curves differs considerably for d> 6 Gy  

USC predicts greater sparing OARs outside PTV than LQ



LQ MODEL TENDS TO OVERESTIMATE THE EFFECTIVENESS OF CELL KILLINGBY A SINGLE 

HIGH DOSE

ÅThe essential problem stems from ignoring the reduction of sublethal damage 

after conversion to lethal damage; therefore the pool size of  the sublethalslesions 

which are available to be converted to lethal lesions with further irradiation is 

overestimated (Wang JZ et al. SciTranslMed. 2010) 

gLQ:  ɻ= 0.10/ Gy, ɻ/ɼ= 0.80 Gy

LQ:  ɻ=  0.15/ Gy,  ɻ/ɼ= 2.0 Gy

gLQ : ɻ= 0.11/ Gy, ɻ/ɼ=0.82 Gy

LQ:  ɻ=0.40/ Gy, ɻ/ɼ= 16 Gy

gLQ



Shuryakaet al.  2015

Best fits to data on early-

stage NSCLC from the LQ 

model with heterogeneous

radiosensitivity (LQ), and 

from the LQL, PLQ and 

USC modelswith 

homogeneous

radiosensitivity. 

Analysis of  tumor control data 

from 2965 patients

LQ model with heterogeneousradiosensitivity providesa much betterdescriptionof  the SBRT TCP data 

ascomparedwith the modelswhich include an extra high-dose mechanism.
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RADIOBIOLOGY: NORMAL TISSUES

ÅSparing of  normal tissues is essential for good 

therapeutic outcome

ÅThe radiobiology of  normal tissues may be even 

more complex than tumours:

Ådifferent organs respond differently

Åthere is a response of  a cell organization not just of  a 

single cell

Årepair of  damage is, in general more important
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DIFFERENT TISSUE TYPES

ÅSerial organs (e.g.spine) ÅParallel organs (e.g.lung)

Effect of radiation on the organ is differentEffect of radiation on the organ is different
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VOLUME EFFECTS

ÅThe more normal tissue is irradiated in parallel organs

Åthe greater the pain for the patient

Åthe more chance that a whole organ fails

ÅRule of  thumb - the greater the volume the smaller the 

dose should be

ÅIn serial organs even a small volume irradiated beyond a 

threshold can lead to whole organ failure (e.g.spinal 

cord)



ÅFigure 1 4DCT images of  an early-stage lung cancer patient at end-inhalation (A); end 

exhalation (B); and contours from all 10 phases of  the 4DCT combined (C). 

Abbreviation: 4DCT, four-dimensional computed tomography.



MODELING NTCP 

Mathematical models are useful to simulate the reality of experimental data and 
predict the behavior of an effect where data points are not readily available. 

There are two different philosophies: 
Åan empiricalapproach 
Åthe emphasis is on being able to describe the data using simple
mathematical functions

Åa mechanisticapproach 
Åthe emphasis is on being able to describe the underlying mechanisms

Ideally the best model should satisfy both goals 







DISCRIMINATIONOF RADIOLOGICALPNEUMONITISAFTERSBRT 

Changesin lung density in the peri-tumoral region (right) 

showedstrong correlation with radiological pneumonitis. 

Palma DA et al. 2011







Illustration of  selection criteria of  

fractionation scheme in the current 

study. SBRT, stereotactic body 

radiation therapy.

Å Patientsõ characteristics

Å Failure patterns and clinical 

outcomes

Å Prognostic factors by uni- and 

multi -variate analysis

Å Radiation therapy related 

morbidities



COMPLICATIONSFROM SBRT FOR LUNGCANCER

Kang et al. 2015

critical structures: esophagusin orange, spinal cord in yellow and 

trachea in blue.

Red Shell: High -risk Zone 

Yang et al. 2010


