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LEARNING OBJECTIVES

A What is the rationale of SBRT?

A Dose-effect relationships
A What effect does occur increasingly at higher doses per fraction?

AAre ARs0o of radiotherapy still relevant to

A LQ models for SBRT
A Rational of prescription schemes
A Does the LQ model work at high doses?

A Proposed radiobiological models for SBRT
A Radiobiology of SBRT in practice
A Latest trends




RATIONALE OF SBRT

oTechnol ogy that wuses el ements of 3D ¢
stereotactic targeting while incorporating systems for decreasing the effects of

lung and other organ movements that would otherwise translate into target
motion. 0

AThe Rationale

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

APromotes 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, pp48331839)



SBRT

Began as an extension of SRS and shares some of the same characteristics.
d Hypofractionation with markedly increased doseper fraction.

d Significantly reduced elapsed treatmentmne (Timmerman et al. 2006)

d Dramatic reduction in size of thefreatment volume.

d Effective immobilization and tumor motion management.

d A high level of confidence in theaccuracy and precisionof treatment delivery
practices. (AAPM Task Group Report 101: Stereotactic body radiation therapy)




SBRT

Attempts to mimic the
dose distribution of SRS.

A Prescribed
line with 70 d90% (usually
80%)

A Highx dos e/
A Confor mal
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THE TARGET IN RADIOTHEF

AThe bulk tumour

A may be able to distinguish different
parts of thetumour in terms of
radiosensitivity and clonogenic activity

A Confirmed tumour spread

A Potential tumour spread

A Large mass (1kg) = 18cells- need three orders of magnitud® more cell kil
A Palpabletumour (1cm3) = 10%ells !!!

A Microscopic tumour, micrometastasis= around 10 cell - need less dose




C Rationale of SBRT
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PTWARGINN SBRT

Where do we

treated(PTV) Adding a 1 mm margin to a 6 cm target
increases the volume by 10%

Where do we really
wanted to treat(CTV)

tttps://www.umcutrecht.nl/en/Research/Research-centers/UMC-Utrecht-Center-for-Image-5dences/Research-programs/
MR-Radiotherapy/MRI-guided-Radiotherapy/MRI-guided-proton-therapy

AGTV

To be delineated by the
physician using multt
modality imaging

ATV
A 4ADCT /SBRT optimal
for target definition
APTV

A ITV + margin
expansion according to
the selected delivery
strategy




HALLMARRKE SBRT

Dose/ Dose-
rate

ARapid fall -off of radiation
dose at the periphery of target

A Minimal dose to surrounding tissues

| _ Low on
AHigh dose conformity organsat risk

ASmall beams

Accurate dose calculation algorithms are
mandatory (AAPM 101)




THE LINEAR QUADRATIC MODEL

Surviving fraction

ra-damage A aD

fb-damage A bD? »

S=e

-uD - |i:l'2

The LQ modelis simple and convenientbetterfit in the low
dosedhigh survival region:

A | (lethal/non -repairable) & (sublethal/reparable)

A )/ ratio for early and late reactions in humamormal
tissuesconsistentwith resultsfrom experimentalmodels

[=
Radiation dose



THE LINEAR QUADRATIC MODEL

100

ACell survival: E“"é tumor
single fraction: SF=expg( UD %) b W—
(n fractions of size d: SF=exp{ ( U @) e NS R
ABiological effect: pose (&)
E=-n (SF) 2= UD + bD
E = n PHd( & Hdbd) = D (U + bd)

Part 3, lecture 2: High doses in radiation therapy



BIOLOGICAL EFFECTIVENESS

E/Ula (SF) /U = BED = (1 + d /[

ABED = biologically effective dose, the dose which would be required
for a certain effect at infinitesimally small dose rate (no beta kill)

ARE = relative effectiveness

Part 3, lecture 2: High doses in radiation therapy
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BIOLOGICAL EFFECTIVENE

TCHD,,) =expd N, CBF) TCP vs NO (i.e., number of clonogenic cells)
1
e f f
N o~ 0,8
0, \ / / _N:10A5
= 0.6 - N=10nM7
\\ / —N=10"9
0,01 \\\ 0’4 /
. :fractionation o ’ 2 / //
0

Are the lesions large or small? 0 50 100 150
Dose (Gy)




EXTENSION OF LQ MODEL TO INCLUDE TIME:
E=-In S = n -Td (U + bd)

Including T, ("kick off time") which allows for a time lag before the
tumourswitches to the fastest repopulation time:

BED = (1 +nddin2/(T-T, W) B,) ) U*

Part 3, lecture 2: High doses in radiation therapy



SBRT &4REVISITED

A Reoxygenation:When tumors are treated with SBRT the intrdumor \/
environment will become hypoxic leading to secondary cell death due to

vascular damage

A Repair: Vascular damageand ensuing chaotic intratumor environment may \/ |
significantly hinder repair of radiation damage

A Redistribution: after irradiation with dose of >1520 Gy, cells are indefinitely
arrested in the phases of cell cyclavhere they were irradiated and undergo

. interphase cell death

A Repopulation: repopulation of tumor cellswill not be substantial during the
course of SBRT (42 weeks)

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

minimization of normal tissue volume in SBRT




BED

Assuming an% ¢,ovhatis the LQ BED of 50 Gy in 5
fractions?

a) 50 Gy

b) 60 Gy BEp(deli

c) 100 Gy LA

d) 105.5 Gy

e) 150 Gy




BED

. )
Assuming an—

fractions?

a) 50 Gy

b) 60 Gy

c) 100 Gy
d) 105.5 Gy
e) 150 Gy

¢,ovhat is the LQ BED of 50 Gy in 5

o
B EDg Nl +

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




Assuming-an p 1t ', 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 p 1t ', Bhich prescription scheme
have LQ BED <100 Gy?

a) 50 Gy in 5 fractions
Ref: Fowler JF. 21 years of biologically effective

b) 40 Gy In 4 fractions ‘ dose. Br J Radiol. 2010 Jul;83(991):554-68.

c) 48 Gy in 4 fractions 10
BED, , = 4* 10[1 +—) =40*2 =80Gy
d) 42 Gy in 3 fractions ) 10

e) 34 Gy in 1 fraction




THE OTHER ANSWERS

A50 Gy in 5 fractions = 50 (1+10/10)=50(1+1)=100 Gy

A40 Gy in 4 fractions = 40 (1+10/10)=40(1+1)=80 Gy

A48 Gy in 4 fractions = 48 (1+12/10)=48 (1+1.2)=105.6 Gy
A42 Gy in 3 fractions = 42 (1+14/10)=42 (1+1.4)=100.8 Gy
A34 Gy in 1 fraction = 34 (1+34/10)=34 (1+3.4)=149.6 Gy




ELSEVIER

Int. J. Radiation Oncology Biol. Phys., Vol. 74, No. 1, pp. 47-54, 2009

doi:10.1016/j.ijrobp.2008.06.1939

CLINICAL INVESTIGATION

Copyright © 2009 Elsevier Inc.
Printed in the USA. All rights reserved
0360-3016/09/3—see front matter
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DOSE-RESPONSE RELATIONSHIP FOR IMAGE-GUIDED STEREOTACTIC BODY
RADIOTHERAPY OF PULMONARY TUMORS: RELEVANCE OF 4D DOSE
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CALCULATION

MaTtTHIAS GUCKENBERGER, M.D.,* JOERN WULF, M.D.,”‘Jr GERD MUELLER, M.D.,*
Tuaomas KrIEGER, M.Sc.,* Kurt Baier, M.Sc.,* ManNUELA GABOR, M.S.,* ANNE RicHTER, M.Sc.,*
JUERGEN WILBERT, PH.D.,* AND MicHAEL FLENTIE, M.D.*

SBRT for stage I NSCLC

O SBRT
@ Accelerated RT

diameter of circle represents
number of patients

O n=50

0/ b=ayo ()

0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

estimated EQD2 at the edge of PTV

NSCLC

The 3-ys local control rates were
89% and 62% for >100 Gy and
<100 Gy BED (p = 0.0001)

effects. The EQD, was adjusted for overall treatment time (EQD5 1)
to take into account accelerated repopulation after 21 days [27],
but knowing that these estimations may be less appropriate with
fraction sizes over 10 Gy [28].

d+o/p

EQDr =D-57 /B

— MAX(O, T - Tref) : Dprolif

where the second term is zero for T < Tier and equal to Dy
(Dprotis = 0.6) multiplied by the number of days beyond T, for
T > Tier. To compare SBRT with accelerated high-dose conformal




NSCLC

U/ b=By. 6

260 Brown et al.

International Journal of Radiation Oncology e Biology e Physics

100 | .
kL . .
> [
z 8- :
;'_5'
(2]
..8 L
£ 60 1 -
© A
g [ a ¥ > 24 months
S 40 |
© I A
St
<) A
=
= 20 - @ 1 fraction (SBRT) i
B 3-8 fractions (SBRT)
A >]0 fractions (3D-CRT)
0 - 1_[;;;1_'1 lllllllll.lllll.ll
0 50 100 150 200 250 300 350
BED (Gy)

Fig. 8.

Tumor Control Probability (%)

100 4
' g
80 4 1 -
- /
60 4 4 .
40 1 !
20 { € | fraction (SBRT) =
i B 3-8 fractions (SBRT)
A >]10 fractions (3D-CRT)
0 i - i - P T 1 - P T 1 - P TR 1 - A i - A& i
0 50 100 150 200 250 300 350
BED (Gy)

Tumor control probability (TCP) as a function of biologically effective dose (BED) for stage I non-small cell lung cancer. Left,

symbols show local control rates (>2 years) from a pooled analysis reported by Mehta et al (27) with symbols distinguishing conventional
and stereotactic body radiation therapy (SBRT) fractionations. Right, weighted mean TCP probabilities calculated to compensate for the
different numbers of patients in each study. Solid lines show linear quadratic-based fits to the data showing that within the limits of clinical
data, the efficacy of single doses, a few SBRT fractions, and conventional radiation therapy produce the same overall TCP for the same

BED. From (58) with permission. 3D-CRT = 3-dimensional conformal radiation therapy.



SBRT

Dose heterogeneity within AHigher central dose to GTV because

the PTV is desired! > hypoxic fraction.
AOptimally, the GTV will receive

~10% greater dose than the outside
edges of the PTV.

Blood ASharpdose gradientoutside the
Supply  tymor is desired.

ARequires effective patient
Immobilization.

Poorly oxygenated
(radio-resistant)

ARequires use of multiple non
coplanar static fields or dynamic arcs.

Necrosis

Well oxygenated
(radiosensitive)




TYPE GFYPOXCELLS

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

Aacute hypoxiais a result of the
temporary closing of tumor blood
vessels and is therefore transient.

_______

%3 RERATED CELL
&5 HYPCKIC CELL




ACUTHYPOXIA

ATumor blood vessels open and close in a
random fashion so that different regions of
the tumor become hypoxiantermittently.

AWhen 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.

3 A
&%) HYPOXIC CELL

AWhen many doses of radiation are
delivered the acute hypoxia is of no further
Importance.

a3 Killed cell




3 RERATED CELL
&% HYPOXIC CELL
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= > Aerobic cell
&R Hypoxic cell
£ Killed cell




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
soreoxygenate

= Aerobic cell
&R Hypoxic cell
| (53 Hypoxic ~ Aerobic |




%> Aerobic cell
&% Hypoxic cell
5 Hypoxic ~ Aerobic




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 i ndi cavagi b
In accordance with dose
fraction.

%> Aerobic cell
&R Hypoxic cell

5 Hypoxic ~ Aerobic

-



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.

%> Aerobic cell
&R Hypoxic cell

<P Hypoxic ~ Aerobic

Ling H et al. IJIROBP 2000, 46:935946



Aerobic cell

&R Hypoxic cell

Hypoxic

- A

Aerobic




The decrease In
cell density
depends on dose
fraction anda,b
LQ model
parameters




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

AThe fraction of hypoxic cell$y h
Athe Oxygen Enhancement Rati®h OER;

Athe extent of Reoxygenatiom B;

Aand dose per fractiord d.

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



AThe surviving fractions afteroneirradiation wit

S(c

S.(c

(@, + b,0

(a, +b,d)

)

N a dosed, are given by:

Afor oxic(o) and hypoxic (hglonogens respectively,

Awhere:

)=exd- c
)=exd- ¢
Ka: dy .
" OER’
t%:OSE”

-

OER =17

OER, =3.25




Abased on the modified Linear Quadratic (LQ) model foTumor
Control Probability from the  Ruggeri and Nahum approach,

the TCPcan be written:

1 o]
TCP= 25240
J2ps. ¥

In(N) O

V28 9

CD(DT?D (-

Zag”( )- In(N)3 ou xp[ N(P, +R,)|@in(N)
3 C

AwhereN is the number of tumourclonogensand P,and R are the
surviving fractions foroxicand hypoxiclonogens respectively;

In(N) is the mean of number of tumourclonogenscharacterized by a
standard deviation S p)

Ruggeri and NahumM.Phys. 2006; 33:40444055



AThe P. can be written as follows:

R, =(1- n)&(d)

p,=h(L- B)" (5 (d)+/ (B H (1 B)" sy (d) (s (a)f

| k=1

<\C:O

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 10° | cells
HF variable

Teff 300 | days
DT 1.4 | days
B 0.01

ao 0.21 | Gy1?

bo 0.14 | Gy?2
ah 0.12 | Gyt

bh 0.013 | Gy?2

TCF

B=0.01 vs HF
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Semninars in

RADIATION
RN ONCOLOGY
The Linear-Quadratic Model Is an

Appropriate Methodology for Determining

Isoeffective Doses at Large Doses Per Fraction
David J. Brenner, PhD, DSc

The tool most commonly used for quantitative predictions of dose/fractionation dependen-
cies in radiotherapy is the mechanistically based linear-quadratic (LQ) model. The L
formalism is now almost universally used for calculating radiotherapeutic isoeffoct doses
for different fractionation/protraction schemes. In summary, the LQ model has the followr-
ing useful properties for predicting isoeffect doses: (1) it is a2 mechanistic, biologically
based model; (2) it has suf'fi-::ientl‘_n.r fowr parametem to be practical; (3) most other mecha-

nodel; (4] it has well docum ented predlctwe propertles for ﬁ'actlonatmnfduse rate eﬂ‘ects
n the laboratory; and (5) it is reasonably well validated, experimentally and theoretically, up
to about 10 Gy/fraction and would be reasonable for use up to about 18 Gy per fraction. To

tlate, there iz no evidence of problems when the LO model has been applied in the clinic.
Semin Radiat Oncol 18:234-239 © 2008 Elsevier Inc. All rights reserved.




Critical Review

The Tumor Radiobiology of SRS and SBRT: Are More Than

the 5 Rs Involved?
J. Martin Brown, PhD,* David J. Carlson, PhD,' and David J. Brenner, PhD"

*Department of Radiation Oncology, Stanford University School of Medicine, Stanford, California; 'Department of
Therapeutic Radiology, Yale University School of Medicine, New Haven, Connecticut, and ‘Center for Radiological

Research, Columbia University Medical Center, New York, New York

Received May 9, 2013, and in revised form Jul 14, 2013. Accepted for publication Jul 17, 2013

Int J Radiation Oncol Biol Phys, Vol. 88, No. 2, pp. 254—262, 2014

“.....we conclude that the available
preclinical and clinical data do not support
a need to change the LQ model”




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

POINT/COUNTERPOINT

Suggestions for topics suitable for these Point/Counterpoint debates should be addressed to Colin G. Orton, Professor
Emertius, Wavne State University, Detrott: ortonc@ comcast.net. Persons participating in Point/Counterpoint discussions are
selected for their knowledge and communicative skill. Their positions for or against a propostiion may or may not

reflect their personal opinions or the positions of their employers.

The linear-quadratic model is inappropriate to model high dose

er fraction effects in radiosurger
p gery LQ poor
John P. Kirkpatrick, M.D., Ph.D.
Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina 27710
(Tel: 919-668-7342, E-mail: kirkp001@ me.duke.edu)

David J. Brenner, Ph.D., D.Sc.
Center for Rad:ofogzc‘af Researc‘h Columb wwvmmmm r MY TEY.}

(Tel: 212-305-9930, E-mail: djb3@columb ngh-dose Ilnear componentould be achievedby assuminga
SEULRCTRSUSURUUS LSS higher | / [ rationale for higher 4/ 1 in rapidly proliferating &

(Received 27 May 2009; accepted for hpr)XiC tumors
[DOT: 10.1118/1.3157095]

Fowler J F 2008Linear quadratics is alive and well: in regard to
Park et al. (nt J Radiat Oncol Biol Phys 2008;70:84852) Int J
RadiatOncoBiol Phys.72 957




Surviving Fraction
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On the loglinear plot, the LOQ
curve closely fits these
experimental results for
Chinese hamstecellsin
culture up to a dose of 6 Gy,
but then continues to bend.

The experimental results are
observed to becomé&near at
high dose.
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MODELS

5,(d)=exd- d(a, + b,d)] High a/f (LQ) S(d)=exd- d(a, +G(/ T)G,d)]
s(d)=exd- da, +bd)] 2 S,(d)=exd- d(a, +G(/ T),d)
= 4o £ _IT+exd- /T)-1
= 5ER £ G(/)=2 (1]

b, = by | =1, +dGF
OER,”
— aO
Low a/p (LQ) a, = OER
o Low a/p (LQ-L) b, = b,
R(Dt)= 2™ 1 OER,

Dose

Guerrero M et al. 2004



PARAMETERS
No, h ’Teff , Aoy 0 dhum etal. 2003

a, by,

Carlson et al. 2006

TABLE I. Schedules of stereotactic hypofractionated radiotherapy on stage I
NSCLC with experimental LC3.

d pi. At LC3

Strigariet al. 2012

Authors Year #pat. #fr. (Gy) (%) (days) (%)

Nyman et al. 2005 45 3 15 100 2 80 L L _ L

Nagata et al. 2005 45 4 12 100 4 97

Zimmerman et al. 2006 43 3 125 60 1 88

Baumann et al.* 2006 138 3.03 1339 65 25 85 th e exte nt Of TABLE III. Log-likelihood and AIC calculated using the validation set for

Fritz et al. 2007 40 1 30 100 0 81 . different models (LQLM and LQM), OER parameter set, and fractions of

Koto er al.® 2007 31 407 116 100 2 63 Re OXyg en at' on hypoxic cells (n5)-

Bau_n_la.nn etal 2009 57 3 15 67 2 92 LQM LOLM

Fakiris et al.? 2009 35 3 21.03 80 2.5 88.1

Kopek et al.? 2009 88 3 172 100 25 89 in Parameter ~ OER set 1 OERset2 OERsetl  OER set2

Mirri et al. 2009 40 5 8§ 9 2 72 B — f d n 0.05 L —588.1 5824 ~580.8 5826

Baba et al.b 2010 85 4 12 100 2.5 81 , AIC —6.8 —6.7 —6.8 —6.7

Baba et al.b 2010 37 4 13 100 2.5 74 0.10 L 5577 _5549 _5586 _554.8

Haasbeek et al." 2010 193 485 1237 80 1 89 AIC —6.6 —6.6 —67 —66

Ricardi et al. 2010 62 3 15 80 2 87.8 0.15 L —545.6(%) —546.6(*) —S5460(%) —546.3(%)

Matsuo et al.b 2011 101 4 12 100 3 86.8 AIC —6.6 (*) —6.6(*) —6.6(%) —6.6(%)
AIC —6.7 -638 -6.7 -638

Note: abbrejviation.s: d= dosej/fljactifm; #pat. = m.my)ber of patients; #fr = num- 0.00 L 10382 10382

ber of fractions; p.i. = prescription isodose; At = time between fractions; LC3 AIC _129 _12.9

= local control at 3 yr. In the studies marked with ‘a’ multiple doses per fraction
and fraction numbers were used, patient group-averaged values have therefore
been calculated and listed in the table. ‘b’ indicates the validation set.

Note: abbreviation: L = log-likelihood; AIC = Akaike information criterion see
text; (*) indicates the maximum of the L or AIC values against the fraction of
hypoxic cells.



UNIVERSAL SURVIVAL CUPARK ET AL. 2008

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

InS

g — p-d/di, {l —(1- e—dmn)ﬁ} N

] ] D . 0se
InNS= — —d+In(n) = ——d+ . | 5 \'\D" Dy D

Do Do Do \,\:\
\ . |

—(asd+ B+d*) ifd=Dq
InS = | D
—d+= if d=
DOL - D, 1 D+

v

Asymptote for
multitarget model

USC curve N

USC

4 RS

log SF _ N
N
-6
N

7 ——USC fit, SumSq = 0.0168 AN dCFRT

8 - - -LQfit, SumSq = 5.08 N S ° ® ° °

: . Dggrr = @*Dg*Dcprr 1+ a / ﬁ + NgBRT DC.I
Fi{i[ 4. Survival curve of H460 fitted with linear quadratic (LQ) — 1 DSBRT i nSBRT o Dq
model (using points =8 Gy) and with universal survival curve D P .
(USC) model. Fit over entire range drastically improved with CFRT —
USC model fit. If LQ model fit over entire dose range, sum of square a [ ] DO dCFRT
improves compared with low-dose LQ model fit (sum of squares = 1 _|_
0.285) but still much inferior to USC model (data not shown). De-
tails of generating this survival curve will be published separately. a / 6



(a) 20,

Total dose (Gy)

LQ nomal
~— USC normal

LQ tumour
—— USC tumour

Total dose (Gy)

Isoeffect curvesfor (a) tumors and (b) normal tissues calculated with LQ and USC

(b) 200 M S

----- LO normal

— USC normal
""" LQ tumour
— USC tumour |

100 :
mr

30.,

70

60

50

40 sy

Mo 4 6 8 10 30 50 70 90

Number of fractions

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

USC predicts greater sparing OARs outside PTV than LQ

Wennberget al. 2013



LQ MODEL TENDS TO OVERESTIMATE THE EFFECTIVENBSRAGIINCHIE KILL
HIGHDOSE

AThe essential problem stems from ignoring theduction of sublethal damage
after conversion to lethal damage therefore the pool size of thesublethalslesions
which are available to be converted to lethal lesions with further irradiation is

overestimated (wang Jz et aSciTransIMed. 201

gLQ : 1 =0.11/ Gy, {/1=0.82 Gy gLQ: | =0.10/ Gy, /1 =0.80 Gy
LQ: 1=0.40/Gyj 1/1=16Gy LQ: | = 0.15/ Gy, J/1r =2.0 Gy
A B

® Data 3 ® Data
~—— gLQ model | ] ——  gL.Q model
=== LQmodel |3 - === LQ model
PO N T I W N W A O O ' IR T O I T i ) 10 0 0 I A 1 T O 1
o 2 4 6 g8 10 12 14 0 2 4 6 8 10 12 14

Dose/Fx (Gy) Dose/Fx (Gy)




Tumor Control Probability (TCP)

Tumor Control Probability (TCP)

LQ model with heterogeneousadiosensitivity providesa much betterdescriptionof the SBRT TCP data

LQ model

0.8 1
0.6
0.4 -

0.2 1

A Single fraction data

= Nulti-fraction data

| O)-HET mndel

LQL madel

A Single fraction data
B Multi-fraction data
—Model

0.8

0.6

0.4 4

0.2

100 200 300
LQ model BED at isocenter (Gy)

PLQ model

0 100 200 300
LQL model BED at isocenter (Gy)

USC model

iF .ﬁ-:'-'g
t

4 Single fraction data
B Multi-fraction data
—Model

& Single fraction data
B Multi-fraction data
—Model

50 100 150 200 250
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Analysis of tumor control data
from 2965 patients

Bestfits to data onearly-
stage NSCLC from the LQ
model with heterogeneous
radiosensitivity (LQ), and
from the LQL, PLQ and
USC modelswith
homogeneous
radiosensitivity.

ascomparedwith the modelswhich include an extra highdosemechanism
Shuryakeet al. 2015




RADIOBIOLOGY: NORMAL TISSUES

ASparing of normal tissues is essential for good
therapeutic outcome

AThe radiobiology of normal tissues may be even
more complex than tumours:
Adifferent organs respond differently

Athere is a response of a cell organization not just of a
single cell

Arepair of damage is, in general more important




DIFFERENT TISSUE TYPES

ASerial organs ¢.g.spine) AParallel organs ¢.g.lung)

LA

\\

Effect of radiation on the organ is differe




VOLUME EFFECTS

AThe more normal tissuds irradiated in parallel organs

A the greater the pain for the patient

A the more chance that a whole organ fails

ARule of thumb - the greater the volume the smaller the
dose should be

Aln serial organs even a small volume irradiated beyond a
threshold can lead to whole organ failureg(g.spinal
cord)




A Figure 1 4DCT images of an earlystage lung cancer patient at ericthalation (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:
Aan empiricalapproach
Athe emphasis is on being able to describe the data usingle
mathematical functions

Aa mechanisticapproach
Athe emphasis is on beiralple to describe theinderlyingmechanisms

Ideallythe best model should satisfy both goals




The Linear-Quadratic Model Is an
Appropriate Methodology for Determining
Isoeffective Doses at Large Doses Per Fraction
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Brenner DJ, Semin Rad Onc 2008;18:234-239




The Linear-Quadratic Model Is an
Appropriate Methodology for Determining
Isoeffective Doses at Large Doses Per Fraction

0.05 — 7% Early intestinal In summary, LQ has the following useful properties for
i i § °, redicting isoeffect doses:
Late intestinal ®/s / P g

0.04 — i , # . It is a mechanistic, biologically based model.
] ' 2. It has sufficiently few parameters to be practical.
. Most other mechanistic models of cell killing predict
the same fractionation dependencies as does LQ.
. It has well-documented predictive properties for frac-
tionation/dose-rate elfects in the laboratory.
. Itis reasonably well validated, experimentally and the-
oretically, up to about 10 Gr/[raclion and would be
0.01 — i reasonable for use up to about 18 GY per fraction.
i spinal cord . To date, there is no evidence of problems when LQ has
been applied in the clinic.
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Brenner DJ, Semin Rad Onc 2008;18:234-239 Fl‘O]n 10 to 18 GY/ fl‘.



DISCRIMINAT@HRADIOLOGIENEUMONIARTERBRT

Changesin lung density in the perttumoral region (right)
showedstrong correlation with radiological pneumonitis.
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Fig 4. Kaplan-Meier plot of time from treatment until grade 3 to 5 treatment
related toxicity comparing patients with turmors in the central iperihilar and oentral
mediastinal) regions from those with more peripheral tumors.
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“Zone of the proximal
bronchial tree” (figure)
Target dose homogeneity
: limits
Dose “isotropicity’” limitation
requiring fallotf of approx
Fig 4. Kaplan-Meier plot of time from treatment until grade 3 1o 5 treatment O . R . D 7
related toxicity comparing patients with tumors in the central (perihilar and central 5() ',,/() \\’1d’11n 2 Cin ()t [ r\
mediastinal) regions from those with more peripheral tumors
V20 < 10%

= wm == == Defines zone of the proximal bronchial tree

Spinal cord, heart,
esophagus, etc. limits




A.3 Gy/Fx:
Any size

L Close to BSUphagUS I
B. 4 Gy/Fx:

Any size central
Remote from esophagus

lllustration of selection criteria of
fractionation scheme in the current

study. SBRT, stereotactic body C. SBRT:
radiation therapy. Small size
Non-central

A Patients® characte
A Failure patterns and clinical
outcomes
A Prognostic factors by uniand
multi-variate analysis
A Radiation therapy related

morbidities
Period c
Any size, close to esophagus  Any size, remote from esophagus Small size, non-central
2001-2010 Group 1: 60 Gy/20 fractions )
) i SBRT: 60 Gy/4 fractions
2011~ Group 2: 60 Gy/20 fractions Group 3: 60 Gy/15 fractions

CANCER RESEARCH avo TREATMENT



COMPLICATIGBNOM SBRT EORGANCER

Red Shell High -risk Zone

critical structures esophagusn orange spinal cord in yellow and
trachea in blue.

Kang et al. 2015 Yang et al. 2010



