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LEARNING OBJECTIVES

• What is the rationale of SBRT?

• Dose-effect relationships 

• What effect does occur increasingly at higher doses per fraction? 

• Are “Rs” of radiotherapy still relevant to SRS/ SBRT regimens? 

• LQ models for SBRT 

• Rational of prescription schemes 

• Does the LQ model work at high doses? 

• Proposed radiobiological models for SBRT 

• Radiobiology of SBRT in practice 

• Latest trends



RATIONALE OF SBRT  

“Technology 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.” 

• The Rationale 

• Highly ablative dose in a few fractions (typically < 5 fractions) 

• Promotes 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. 

– Hypofractionation with markedly increased dose per fraction. 

– Significantly reduced elapsed treatment time (Timmerman et al. 2006)

– Dramatic reduction in size of  the treatment volume. 

– Effective immobilization and tumor motion management. 

– A high level of  confidence in the accuracy and precision of  treatment delivery 

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



SBRT

Attempts to mimic the 

dose distribution of  SRS.

• Prescribed to an isodose 

line with 70 –90% (usually 

80%) 

• High dose/fx

• Conformal to PTV 

• High precision

• High accuracy
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THE TARGET IN RADIOTHERAPY

• The bulk tumour

• may be able to distinguish different 

parts of  the tumour in terms of  

radiosensitivity and clonogenic activity

• Confirmed tumour spread

• Potential tumour spread 

• Large mass (1kg) = 1012 cells - need three orders of  magnitude  more cell kill

• Palpable tumour (1cm3) = 109cells !!!

• Microscopic 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 IT”

 Rationale of SBRT 



PTV MARGINS IN SBRT

• GTV 

To be delineated by the 

physician using multi-

modality imaging 

• ITV 

• 4DCT /SBRT optimal 

for target definition 

• PTV 

• ITV + margin 

expansion according to 

the selected delivery 

strategy 



HALLMARKS OF SBRT

• Rapid fall-off of radiation 

dose at the periphery of  target 

• Minimal dose to surrounding tissues

• High dose conformity

• Small beams  

Accurate dose calculation algorithms are 

mandatory  (AAPM 101) 

Dose/ Dose-
rate 

Low on 
organs at risk  

High on 
tumor



THE LINEAR QUADRATIC MODEL

“-damage”  D

“-damage” D2

The LQ model is simple and convenient better fit in the low 

dose–high survival region:  

• α (lethal/non-repairable) & β (sub-lethal/reparable) 

• α/β ratio for early and late reactions in human normal

tissues consistent with results from experimental models



Part 3, lecture 2: High doses in radiation therapy11

THE LINEAR QUADRATIC MODEL

• Cell survival:

single fraction: SF = exp(-(αD + βD2))

(n fractions of size d: SF = exp(- n (αd + βd2))

• Biological effect:

E = - ln (SF) = αD + βD2 

E = n (αd + βd2) = nd (α + βd) = D (α + βd)

tumor
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BIOLOGICAL EFFECTIVENESS

E/α = - ln (SF) /α = BED = (1 + d / (α/β)) * D = RE * D

• BED = biologically effective dose, the dose which would be required 

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

• RE = 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 (α + βd) - γT

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

tumour switches to the fastest repopulation time:

BED = (1 + d / (α/β)) * nd - (ln2 (T - Tk)) / αTp



• Reoxygenation: When tumors are treated with SBRT the intra-tumor 

environment will become hypoxic leading to secondary cell death due to 

vascular damage  

• Repair: Vascular damage and ensuing chaotic intra-tumor environment may  

significantly hinder repair of  radiation damage 

• Redistribution: 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  

• Repopulation: 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 4Rs REVISITED 



BED

Assuming an 
𝜶

𝜷
= 𝟏𝟎𝐆𝐲 , what 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=Nd 1+
𝑑

𝛼/𝛽



BED

Assuming an 
𝜶

𝜷
= 𝟏𝟎𝐆𝐲 , what 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=Nd 1+
𝑑

𝛼/𝛽

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



Assuming an 
𝛼

𝛽
= 10Gy , 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 
𝛼

𝛽
= 10Gy , 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 

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

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

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

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

• 34 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)

α/β=10 Gy



NSCLC

> 24 months 

α/β=8.6 Gy



SBRT

Dose heterogeneity within 

the PTV is desired! 

• Higher central dose to GTV because 

> hypoxic fraction.  

• Optimally, the GTV will receive 

~10% greater dose than the outside 

edges of  the PTV. 

• Sharp dose gradient outside the 

tumor is desired. 

• Requires effective patient 

immobilization. 

• Requires use of  multiple non-

coplanar static fields or dynamic arcs.



TYPE OF HYPOXIC CELLS

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

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



ACUTE HYPOXIA

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

• When 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. 

• When 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.





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

 We assumed that the cells 
able to reoxygenate before 
the next dose fraction will 
be indicated by “B” 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 ,

LQ model 

parameters



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

• The fraction of  hypoxic cells 

• the Oxygen Enhancement Ratio  OER;  

• the extent of  Reoxygenation  B;

• and dose per fraction  d.

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



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

• for oxic (o) and hypoxic (h) clonogens, respectively,  

• where: ;

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

Control Probability from the     Ruggeri and Nahum approach, 

the TCP can be written: 

• where N is the number of  tumour clonogens and  Po and Ph are the 

surviving fractions for oxic and hypoxic clonogens, respectively; 

is the mean of  number of  tumour clonogens characterized by a 

standard deviation 
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Ruggeri and Nahum M.Phys. 2006; 33:4044-4055 



• The Pi can be written as follows: 
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where: 

  is the hypoxic fraction

 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

o 0.21 Gy-1

o 0.14 Gy-2

h 0.12 Gy-1

h 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 
Radiat Oncol Biol Phys. 72 957

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

LQ poor

High-dose linear component could be achieved by assuming a 

higher α/β rationale for higher α/β in 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.  
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Guerrero M et al. 2004
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UNIVERSAL SURVIVAL CURVE PARK  ET AL. 2008

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

USC



Wennberg et 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 KILLING BY A SINGLE 

HIGH DOSE

• The essential problem stems from ignoring the reduction of sublethal damage 

after conversion to lethal damage; therefore the pool size of  the sublethals lesions 

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

overestimated (Wang JZ et al. Sci Transl Med. 2010) 

gLQ:  α = 0.10/Gy, α/β = 0.80 Gy

LQ:  α =  0.15/Gy,  α/β = 2.0 Gy

gLQ : α = 0.11/Gy, α/β=0.82 Gy

LQ:  α=0.40/Gy, α/β= 16 Gy

gLQ



Shuryaka et 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 models with 

homogeneous

radiosensitivity. 

Analysis of  tumor control data 

from 2965 patients

LQ model with heterogeneous radiosensitivity provides a much better description of  the SBRT TCP data 

as compared with the models which include an extra high-dose mechanism.
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RADIOBIOLOGY: NORMAL TISSUES

• Sparing of  normal tissues is essential for good 

therapeutic outcome

• The radiobiology of  normal tissues may be even 

more complex than tumours:

• different organs respond differently

• there is a response of  a cell organization not just of  a 

single cell

• repair of  damage is, in general more important
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DIFFERENT TISSUE TYPES

• Serial organs (e.g. spine) • Parallel 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

• The more normal tissue is irradiated in parallel organs

• the greater the pain for the patient

• the more chance that a whole organ fails

• Rule of  thumb - the greater the volume the smaller the 

dose should be

• In serial organs even a small volume irradiated beyond a 

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

cord)



• Figure 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: 
• an empirical approach 

• the emphasis is on being able to describe the data using simple
mathematical functions

• a mechanistic approach 
• the emphasis is on being able to describe the underlying mechanisms

Ideally the best model should satisfy both goals 







DISCRIMINATION OF RADIOLOGICAL PNEUMONITIS AFTER SBRT 

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

showed strong 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.

• Patients’ characteristics

• Failure patterns and clinical 

outcomes

• Prognostic factors by uni- and 

multi-variate analysis

• Radiation therapy related 

morbidities



COMPLICATIONS FROM SBRT FOR LUNG CANCER

Kang et al. 2015

critical structures: esophagus in orange, spinal cord in yellow and 

trachea in blue.

Red Shell: High-risk Zone 

Yang et al. 2010



PLAN REVIEW 

Spine 

with 

Cord 

Sparing

Example of  Conformal Isodose plan meeting 

all published index guidelines. 50% isodose 

volume is not protruding through the 

PTV+2cm volume.

Example of  Potential Toxicity:  

- LOCATION 

- Target is adjacent to chest 

wall and ribs. 

- Target is lies in almost the 

same coronal plane as the 

spinal cord



DETERMINING MATCHING PRIORITIESTarget volume vs Surrogate



FROM ABSORBED DOSE TO BIOLOGICALLY EFFECTIVE DOSE 



BED gradient 

From absorbed dose to biologically effective dose 



BED gradient AD gradient 



Voxel-Level BED 

Corrected Dosimetric 

and Radiobiological 

Assessment of 2 

Kinds of Hybrid 

Radiotherapy 

Planning Methods for 

Stage III NSCLC

Wang, et al. 2022



IN PRACTICE … 



NORMAL TISSUES DOSE TOLERANCE IN SBRT 



OTHER PROPOSED MODELS FOR SBRT 



Vascular effect 

Endothelium 

Dose rate 

effect 
Hypoxic

Fraction  



• For D < 5Gy oxic cells die

• For D > 5Gy hypoxic cells death 

dominates 

• For D >10 Gy Vascular damage at 

high doses produces secondary cell 

killing, suggests that radiation doses 

induce vascular damage leading to  

indirect tumor cell death. 

• For D >17 Gy indirect radiation effect 

due to the vascular  damage



FFF VS FF: BEAM HARDENING

• Dose rate  24 Gy/min 

VMAT



Ref. Cells E (MV) Dose rate 

(Gy/min)

Modulated

beam 

Effect 

Sørensen et al. RO 

2011 

HN FaDu

V79

6FFF

6X

5, 10, 30 No No

Loshe et al.RO 

2011 

Gliomas T98G (mut-p53) 

U87MG

10FFF

10X

0.02, 4, 24 No Yes at D≥10 Gy

King et al.PMB 

2013

PCa DU 145,

NSCLC H460 

6FFF

6X

3, 11 Yes (bolus)   No 

Verbakel et al. AO 

2013

Lung SW1573 ; 

gliom T98 (Mut-p53);

astroc D348 

6/10 FFF/X 4, 8 Yes (IMRT) No 

Karan et al. PMB 

2013 

cervix SiHa;

NSCLC H460; 

V79

6/10 FFF/X 3, 10 No No 

Bewes et al. 2008 melanoma MM576;

NSCLC H460 

6FFF

6X

1.2, 5 Yes Dose rate effect  on 

protracted delivery 



THE ONCOLOGIST’S PROSPECTIVE 



ANIMAL MODEL 



ANIMAL MODEL 







• NEOADJUVANT SBRT-

PATHY: a-c) diagnostic CT of the 

patient with unresectable 

squamous-cell lung cancer (yellow 

arrows), separate lung lesion (blue 

arrow), and an atelectasis (red 

arrow). 3 weeks after SBRT-

PATHY, preoperative restaging 

CT (d-f) showed a 60% reduction 

of partially treated tumor 

(bystander effect: yellow arrows), 

a 50% reduction of unirradiated 

lung lesion (abscopal effect: blue 

arrows), and complete regression 

of atelectasis (red arrows)

Novel stereotactic body radiation therapy (SBRT)-based partial tumor irradiation targeting hypoxic segment of bulky tumors (SBRT-PATHY): 
improvement of the radiotherapy outcome by exploiting the bystander and abscopal effects





FROM THE RADIOBIOLOGICAL POINT OF VIEW 

• SBRT seems to be capable of  overcoming hypoxic radioprotection 

through mechanisms other than directly killing tumor cells via DNA 

damage.  

• Important mechanisms for cell inactivation has been hypothesized to 

become important at doses >10 Gy

• Vascular effects occurs increasingly at higher doses per fraction  

• Immunological effect 

• Bystander effect 



FUTURE DIRECTIONS

• Functional Liver,  Functional Lung Based Planning 

• MR based Planning 

• For more precise targeting and improved assessment of  motion/tumor margins 

• Analysis of  Plan Robustness 

• To measure and quantify the uncertainty of  the setup

• Reproducibility of  Setup, Management of  Motion, IGRT Methods 

• Defining Normal Structures and dose Limits

• FLASH (?) 



lidia.strigari@aosp.bo.it



SPARE 



LQ MODEL

LQ model -

heterogeneity in tumor

cell radiosensitivity

LQL model

SLQ = e
-ad-bd2

SLQ,hetero =
aBED+g+1( )

g+1

g+1( )
g+1

SLQL = e
-ad+2b

p1d-1+e
- p1d( )

p1
2

g≥2



USC MODEL

Padé linear quadratic (PLQ) model

the dose response shape is gradually altered, becoming less curved at high doses, by the 

presence of  a term [1 + p1d] in the denominator of  the function

SUSC = e
- ad+bd2( )

for d £
a

b

1+ap1( )
2ap1

SUSC = e
-
d

p1
-
a

b

1+ap1( )
2

4ap1
2
+bd2

æ

è

ç
ç

ö

ø

÷
÷

for d >
a

b

1+ap1( )
2ap1

SPLQ = exp -
ad+bd2

1+ p1d

é

ë
ê

ù

û
ú



SIMPLIFIED PTV MARGIN RECIPE FOR DOSE PROBABILITY

• To cover the CTV of  the 90% of  patients with 95% of  isodose (analytical solution) :

PTV margin = 2.5 +0.7 

 = quadratic sum of  SD of  all the preparation (systematic) errors 

 = quadratic sum of  SD of  all the execution (random) errors 

For a big CTV with smooth shape and penumbra 5mm 

(van Herk et al. IJROBP 2000)



PTV MARGINS IN SBRT 

• Smaller number of fractions has an impact on the model 

• “Random errors” become systematic errors in the limit of  1-5 fractions 

Daily image guidance allows the planning target volume (PTV) to be reduced, but uncertainties (in 

processes such as image registration and corrections) still be taken into account 



RT – LIVER 



RT – LIVER 






