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Learning ObjectivesLearning ObjectivesLearning ObjectivesLearning Objectives

 Rationale for BGRTRationale for BGRT
 Are existing biological models “good enough” for Are existing biological models “good enough” for 

clinical applications?clinical applications?
• Some of the challenges
• Limitations and applicability of BED and EUD concepts with a focus on 

intra- and inter-patient heterogeneity

 ExamplesExamples
• Equivalent prescriptions
• Plan ranking and comparison with EUD

 This Presentation and Supplemental SlidesThis Presentation and Supplemental Slides
• http://faculty washington edu/trawets/• http://faculty.washington.edu/trawets/
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Why isn’t EBRT more successful?Why isn’t EBRT more successful?Why isn’t EBRT more successful?Why isn’t EBRT more successful?

 Uncertainty in boundary of primary tumorUncertainty in boundary of primary tumor
 Inability Inability to delivery a to delivery a tumoricidaltumoricidal dosedose
 Migration of diseased cells to other body partsMigration of diseased cells to other body parts

Critical OrganCritical Organ

OvertOvertOvert Overt 
DiseaseDisease

Subclinical Subclinical 
DiseaseDiseaseDose escalation not always possibleDose escalation not always possible
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Motivation for BGRTMotivation for BGRTMotivation for BGRTMotivation for BGRT

How do we get the mostHow do we get the mostHow do we get the most How do we get the most 
bang for our buck (bang for our buck (dosedose)?)?

Outcome PredictionOutcome Prediction
oror

““Biological MetricsBiological Metrics””
A way to rank theA way to rank the relativerelative efficacy ofefficacy ofA way to rank the A way to rank the relativerelative efficacy of efficacy of 
alternate and competing treatmentsalternate and competing treatments

When local control cannot be achieved through dose escalation, When local control cannot be achieved through dose escalation, 
only RT option is to move the dose around in space only RT option is to move the dose around in space and/or and/or time.time.
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Four R’s of Radiobiology ( ti l i d )Four R’s of Radiobiology (conventional wisdom)

 RRepair (↓)
 RRepopulation (↓)
 RRedistribution (↑)
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Physics → Chemistry → Biology → ClinicPhysics → Chemistry → Biology → Clinic
ChemicalChemical

RepairRepair1010--33 ss
CorrectCorrect
RepairRepair

1 1 GyGy ~ 1 in 10~ 1 in 1066Absorbed DoseAbsorbed Dose

RadiationRadiation

Ionization Ionization 
ExcitationExcitation 1010--66 ss

Enzymatic RepairEnzymatic Repair
((BER, NER, NHEJ, …))

pp

101022 ss 101044 ssOO22 fixationfixation Acute Acute 
hypoxiahypoxia

RadiationRadiation

DNA damageDNA damage1010--1818 to 10to 10--1010 ss

Incorrect orIncorrect or

Chronic Chronic 
hypoxiahypoxia
(> 1(> 1--2 h)2 h)

101066 ss
Incorrect or Incorrect or 

Incomplete RepairIncomplete Repair

Cell DeathCell Death

101033 ss 101055 ss
Loss of Function Loss of Function 
and Remodelingand Remodeling

Angiogenesis and 
Vasculogenesis

Inflamatory
Responses

Early EffectsEarly Effects
((erythema, …))

Late EffectsLate Effects
Chronic Chronic 

101044 ss 101055 ss

22ndnd CancerCancer
HeritableHeritable

EffectsEffects Germline
101055 ss

Self renewal and 
Differentiation101088 ss

Late EffectsLate Effects
((fibrosis, …))

hypoxiahypoxia
(> 4(> 4--10 h?)10 h?)

SmallSmall-- and largeand large--scale mutationsscale mutations
((point mutations and chromosomal aberrations))

Neoplastic Neoplastic 
TransformationTransformation

Somati
c

cells

ClonalClonal
ExpansionExpansion

101077 ss

101088 ss
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The LQ in Radiation TherapyThe LQ in Radiation Therapy

Inaccurate and too simplistic (Inaccurate and too simplistic (compared to known biology))
DD t d dt d d f ti tif ti ti

( )2( ) expS D D GDα β= − −
hi dhi d

DoseDose--rate and doserate and dose--fractionation fractionation 
effects (“effects (“dose protraction factor”)”)

Parameters (Parameters (e.g., α and β) derived from analysis of clinical ) derived from analysis of clinical 

oneone--hit damagehit damage interinter--track damage interactiontrack damage interaction

outcomes are uncertain and averaged over a outcomes are uncertain and averaged over a heterogeneousheterogeneous
tumor and patient tumor and patient populationpopulation

l Ch ll iJF Fowler, R Chappell, M Ritter, 
IJROBP 5050, 1021-1031 (2001)

αα = 0.039 Gy= 0.039 Gy--11

JZ Wang, M Guerrero, XA Li, 
IJROBP 55, 194-203 (2003)

αα = 0.15 Gy= 0.15 Gy--11 ((4X higher))

α/βα/β = 1.49 = 1.49 GyGy
SS = 1.159 = 1.159 ×× 1010--33 ((37 × 2 Gy))

α/βα/β = 3.1 = 3.1 GyGy

SS = 2.677 = 2.677 ×× 1010--88

((2X higher))

((104 smaller))
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SF for a Heterogeneous Cell PopulationSF for a Heterogeneous Cell PopulationSF for a Heterogeneous Cell PopulationSF for a Heterogeneous Cell Population

100 Can’t use a single (Can’t use a single (average) set of ) set of 

on

Resistant (Resistant (10%))
LQ radiation sensitivity parameters LQ radiation sensitivity parameters 
((α, α/β) to predict overall shape of ) to predict overall shape of 
dosedose--response curveresponse curve

vi
vi

ng
 F

ra
ct

io 10-1

Sensitive (Sensitive (90%)) AverageAverage

SS ≠≠ exp(exp(--ααDD--ββGDGD22))

Five Reasons (Five Reasons (many others possible))

S
ur

v

10-2  Genomic InstabilityGenomic Instability
 RepairRepair
 RepopulationRepopulation

(( y p ))

Absorbed Dose (Gy)
0 1 2 3 4 5 6 7 8 9 10

10-3

SS = = f Sf S11 + (1+ (1--f f ))SS22

RepopulationRepopulation
 ReassortmentReassortment
 ReoxygenationReoxygenation

But But may be reasonable to extrapolate may be reasonable to extrapolate from a known point?from a known point?
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Poisson Tumor control probability (TCP)Poisson Tumor control probability (TCP)

Most widely used model assumes that the distribution of the Most widely used model assumes that the distribution of the 
bb f t ll i i t t t i d t lf t ll i i t t t i d t lnumbernumber of tumor cells surviving a treatment is adequately of tumor cells surviving a treatment is adequately 

described by a Poisson distributiondescribed by a Poisson distribution

Chance no tumor cells survive a treatment that delivers total dose Chance no tumor cells survive a treatment that delivers total dose DD

TCP = exp{-ρVS(D)}

ρρ = number of tumor cells per unit volume= number of tumor cells per unit volume
VV = tumor volume= tumor volume

((< 109 cells cm-3))
((GTV? CTV? PTV?))

product product ρρVV = pre= pre--treatment number of tumor cellstreatment number of tumor cells

Typical uncertainty?Typical uncertainty? Factors as large as 10Factors as large as 1033 to 10to 1066!!

Eradication of some cells, such as cancer stem cells, may be far more Eradication of some cells, such as cancer stem cells, may be far more 
important than the eradication of others (important than the eradication of others (effective ρ << 109 cells cm-3?))
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Prediction of Local Tumor ControlPrediction of Local Tumor Control

1.01.0
F ti 1 7F ti 1 7 2 32 3 GG ((++5% t i t ))

αα = 0.15 Gy= 0.15 Gy--11, , αα//ββ = 3.1 = 3.1 GyGy

ba
bi

lit
y 0.8

ba
bi

lit
y 0.8

Fraction: 1.7 Fraction: 1.7 –– 2.3 2.3 GyGy
((35 fractions))

((++5% uncertainty))
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12% uncertainty 12% uncertainty 
in dosein dose

Tu
m

or
0 0

0.2Tu
m

or
 

0 0

0.2

Total Treatment Dose (Gy)
60 65 70 75 80

0.0

Total Treatment Dose (Gy)
60 65 70 75 80

0.0 αα = 0.15 Gy= 0.15 Gy--11, , αα//ββ = 3.1 = 3.1 GyGy

Even small levels of uncertainty in the biological parameters (Even small levels of uncertainty in the biological parameters (α and α/β) have a ) have a 
big impact on our ability to predict the chance we achieve tumor controlbig impact on our ability to predict the chance we achieve tumor control
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Outcomes for a Patient Population?Outcomes for a Patient Population?Outcomes for a Patient Population?Outcomes for a Patient Population?

http://www.cartoonaday.com/images/cartoons/2010/03/Crowd-of-Cartoon-Sports-FansA-598x429.jpg
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Equivalent Prescriptions (Equivalent Prescriptions (tumor))Equivalent Prescriptions (Equivalent Prescriptions (tumor))

What dose should be delivered to achieve the same level of What dose should be delivered to achieve the same level of 
bi l i l d th t t t?bi l i l d th t t t?biological damage as another treatment?biological damage as another treatment?

( ) ( )TCP D TCP D
Reference Treatment Alternate Treatment

( ) ( )RTCP D TCP D=

( ) ( )exp ( ) exp ( )RVS D VS Dρ ρ− = − Poisson TCP model

ρ = cell density (# cm-3) V = tumor volume (cm3)

When When comparing or ranking plans in comparing or ranking plans in the the same patient, same patient, ρρ and and VV may be may be 
id did d d li d l i d dd li d l i d d (( b f

( ) ( )S D S D=

considered considered modality and plan independentmodality and plan independent constants (constants (same number of 
diseased cells regardless of modality and plan).).

Two biological parameters (ρ and V) eliminated from ( ) ( )RS D S D=
modeling process (uncertainty in ρV doesn’t matter!)

For individual patients, For individual patients, isoiso--TCP = TCP = isoiso--survivalsurvival
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Equivalent dose derived from the LQEquivalent dose derived from the LQEquivalent dose derived from the LQEquivalent dose derived from the LQ

( ) ( )S D S D
Reference Treatment = Alternate Treatment αα and and ββ ((or α/β) characterize ) characterize 

( ) ( )2 2

( ) ( )

exp exp
R

R R

S D S D

D GD D GDα β α β

=

− − = − −
intrinsic radiation sensitivityintrinsic radiation sensitivity

GG is the is the dose protraction factordose protraction factor

4 ln ( ) 4/ /G S D GD G Dα β α β        

Take logarithm, apply quadratic formula Take logarithm, apply quadratic formula 
and rearrange termsand rearrange terms

4 ln ( ) 4/ /1 1 1 1 1
2 ( / ) 2 ( / ) /

R R R RG S D GD G DD
G G

α β α β
α α β α β α β

       = − + − = − + + +    
       

DD i th t t l t t t d d d t hi bi l i l ff ti th t t l t t t d d d t hi bi l i l ff tDD is the total treatment dose needed to achieve same biological effect  as is the total treatment dose needed to achieve same biological effect  as 
a reference treatment that delivers total dose a reference treatment that delivers total dose DDRR

Determined by the value ofDetermined by the value of αα//ββ and the dose protraction factor for theand the dose protraction factor for theDetermined by the value of Determined by the value of αα//ββ and the dose protraction factor for the and the dose protraction factor for the 
reference and alternate treatments (reference and alternate treatments (GGRR and and GG))
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Equivalent Treatment SchedulesEquivalent Treatment Schedules

4/ R R RGD G Dα β    

Equivalent Treatment SchedulesEquivalent Treatment Schedules

GG ≅≅ 1/1/nn4/ 1 1 1
2 ( / ) /

R R RGD G DD
G

α β
α β α β

  = − + + +  
   

GG ≅≅ 1/1/nn

GG ≅≅ 1/1/nnRR

4D D   

Determine biologically equivalent dose Determine biologically equivalent dose DD by adjusting the by adjusting the 
physicalphysical parameter parameter nn

4( / ) 1 1 1
2 ( / ) ( / )

R R

R

D DD n
n n

α β
α β α β

   = − + + +  
   

Reference TreatmentReference Treatment
(“(“clinical experience”)”)
DDRR = total dose (= total dose (GyGy))

New (New (alternate) Treatment) Treatment
nn = desired number fractions= desired number fractions

nnRR = number fractions= number fractions
ddRR = = DDRR//nnrr ((fraction size))

Uncertainty in Uncertainty in DD mainly arises from  mainly arises from  
uncertainties associated with uncertainties associated with αα//ββ..
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Biologically Effective Dose (BED)Biologically Effective Dose (BED)Biologically Effective Dose (BED)Biologically Effective Dose (BED)

How is an iso-effective physical dose related to BED?

/ 4 ln ( ) / 41 1 1 1
2 ( / ) 2 ( / )

R RG S D G BEDD
G G

α β α β
α α β α β

   ⋅   = − + − = − + +   
      

p y

2 ( / ) 2 ( / )

/ 41 1 1
2 ( / ) /

R
R

G G

G dD
G

α α β α β

α β
β β

      
   = − + + +  

 
No repopulation effectsNo repopulation effects2 ( / ) /RG α β α β  

   
No repopulation effectsNo repopulation effects

/ 4 ( )1 1 1
2 / /

R R
R

R

G d T TD D
G D

α β γ
α β α β α

  − = − + + + −  
   2 / / RG Dα β α β α   

Correction for exponential repopulation without time lagCorrection for exponential repopulation without time lag
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Equivalent Treatments (Equivalent Treatments (prostate cancer))

7.5

8.0

7.5

8.0

Equivalent Treatments (Equivalent Treatments (prostate cancer))

αα//ββ = 1.5= 1.5 GyGy αα//ββ = 1 5= 1 5 GyGyStanford Stanford 

(G
y)

5.5

6.0

6.5

7.0

(G
y)

5.5

6.0

6.5

7.0
αα//β β  1.5  1.5 GyGy αα//β β  1.5  1.5 GyGy

Use any point along Use any point along 
isoeffect line for the isoeffect line for the 
reference treatmentreference treatment

CyberkifeCyberkife

ra
ct

io
n 

S
iz

e 
(

3.5

4.0

4.5

5.0
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S
iz

e 
(

3.5

4.0

4.5

5.0
reference treatmentreference treatment

20 x 2.94 20 x 2.94 GyGy

F
1.5

2.0

2.5

3.0

F

1.5

2.0

2.5

3.0
44 x 1.8 44 x 1.8 GyGy

DDRR = 79.2= 79.2 GyGy ((44 × 1.8 Gy)) DDRR = 58.8= 58.8 GyGy ((2020 × 2.942.94 GyGy))

Number of Fractions, n
5 10 15 20 25 30 35 40 45 50

1.0

Number of Fractions, n
5 10 15 20 25 30 35 40 45 50

1.0
DDRR  79.2  79.2 GyGy ((44 × 1.8 Gy)) DDRR  58.8  58.8 GyGy ((20 20 × 2.94 2.94 GyGy))

4( / ) 1 1 1
2 ( / ) ( / )

R R

R

D DnD
n n

α β
α β α β

   = − + + +  
   
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InterInter Patient HeterogeneityPatient HeterogeneityInterInter--Patient HeterogeneityPatient Heterogeneity

4( / ) 1 1 1R RD DnD α β
   = − + + +  

When applied to a patient population, we are implicitly assuming that When applied to a patient population, we are implicitly assuming that 

( / ) 1 1 1
2 ( / ) ( / )R

D
n n

α β
α β α β

= + + +  
   

αα//ββ is the same for is the same for all patientsall patients for the reference for the reference andand alternate treatment alternate treatment ––
an assumption that is an assumption that is surelysurely incorrect!incorrect!

Thought Experiment:Thought Experiment: All patients All patients ((tumors) have ) have a a different effective different effective αα//β β ((unknown 
distribution).  BUT… same value of ).  BUT… same value of αα//ββ is appropriate (is appropriate (as a first approximation) ) in the same in the same 
patient for competing plans and modalitiespatient for competing plans and modalities

InterInter--Patient HeterogeneityPatient Heterogeneity

p p g pp p g p

How does interHow does inter--patient heterogeneity influence our ability to patient heterogeneity influence our ability to 
determine equivalent prescription determine equivalent prescription dose?dose?

How sensitive are estimates of How sensitive are estimates of DD to uncertainties in to uncertainties in αα//ββ??
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Effects of InterEffects of Inter Patient HeterogeneityPatient Heterogeneity

7.5

8.0

7.5

8.0

Effects of InterEffects of Inter--Patient HeterogeneityPatient Heterogeneity

10,000 values for 10,000 values for αα//ββ sampled from sampled from 

(G
y)

5.5

6.0

6.5

7.0
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5.5

6.0

6.5

7.0

95% CI95% CI

a uniform a uniform pdfpdf ((range 1 to 10 Gy))
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e 
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3.5

4.0

4.5

5.0

20 x 3 20 x 3 GyGy

95% CI95% CI

F

1.5

2.0

2.5

3.0

F
1.5

2.0

2.5

3.0
44 x 1.8 44 x 1.8 GyGy

DD = 79 2= 79 2 GyGy (“(“clinical experience”)”) DD = 60= 60 GyGy (“(“clinical experience”)”)

Number of Fractions, n
5 10 15 20 25 30 35 40 45 50

1.0

Number of Fractions, n
5 10 15 20 25 30 35 40 45 50

1.0
DDRR = 79.2 = 79.2 GyGy (( clinical experience )) DDRR = 60 = 60 GyGy (( clinical experience ))

Key Point #1:Key Point #1: Small changes from an accepted fractionation schedule quite Small changes from an accepted fractionation schedule quite 
reasonable reasonable –– even for a even for a veryvery heterogeneous patient populationheterogeneous patient population
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Equivalent Uniform Dose (EUD)Equivalent Uniform Dose (EUD)

Concept of an EUD introduced by A. Niemierko in 1997 

“It is intuitively logical that, for any inhomogeneous dose distribution “It is intuitively logical that, for any inhomogeneous dose distribution 
delivered to a volume of interest (VOI) according to a certain delivered to a volume of interest (VOI) according to a certain ( ) g( ) g
fractionation scheme, there exists a unique uniform dose distribution fractionation scheme, there exists a unique uniform dose distribution 
delivered in the same number of fractions, over the same total time, delivered in the same number of fractions, over the same total time, 
which causes the same radiobiological effect. which causes the same radiobiological effect. 

The important feature of this equivalent dose distribution would be its The important feature of this equivalent dose distribution would be its 
uniformity, which allows one to use a uniformity, which allows one to use a single number to describe the entire single number to describe the entire 
VOI d di ib iVOI d di ib i Of h i l d d d hOf h i l d d d hVOI dose distributionVOI dose distribution. Of course, the equivalent dose depends on the . Of course, the equivalent dose depends on the 
considered effect.”considered effect.”

A. Niemierko, Reporting and analyzing dose distributions: a concept of equivalent uniform dose. Med Phys.
24(1), 103-110 (1997).
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EUD for tumor control and cell survivalEUD for tumor control and cell survivalEUD for tumor control and cell survivalEUD for tumor control and cell survival

( ) ( )2 21exp exp
N

EUD EUD v D Dα β ρ α β− − = − −
To solve for EUD, take logarithm and apply quadratic To solve for EUD, take logarithm and apply quadratic 

( ) ( )
1

exp expi i i i i i

i

EUD EUD v D D
V

α β ρ α β
ρ

=

= 

formulaformula

1 4ln 1 4/ 1 1 / 1 1 hetS BEDEUD α β α β
  

= − + − = − + +     
/ 1 1 / 1 1

2 ( / ) 2 ( / )
EUD α β α β

α α β α β
= − + − = − + +        

( )21
N

S D Dβ ( )2

1

expi i i i i i

i

S v D D
V

ρ α β
ρ

=

≡ − −
Delivery of dose = EUD to allDelivery of dose = EUD to all ii regions will produce same survivingregions will produce same survivingDelivery of dose = EUD to all Delivery of dose = EUD to all ii regions will produce same surviving regions will produce same surviving 
fraction and level of tumor control as heterogeneous dose distribution fraction and level of tumor control as heterogeneous dose distribution 
((array of Di values))
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EUD for a heterogeneous cell populationEUD for a heterogeneous cell populationEUD for a heterogeneous cell populationEUD for a heterogeneous cell population

1.1 Individual filled symbols denote Monte Individual filled symbols denote Monte 

1.0

yy
Carlo sampling of the radiation Carlo sampling of the radiation 
response characteristics of 1000 cells response characteristics of 1000 cells 
given a uniform dose of radiation (given a uniform dose of radiation (xx--
axis)axis)

DD = EUD= EUD

D
/D

os
e

0.8

0.9
axis).axis).

Open circles: Open circles: ααii sampled from 0.1 Gysampled from 0.1 Gy--11

E
U

D

0.7

to 0.2 Gyto 0.2 Gy--11; (; (αα//ββ))ii sampled 2 to 4 sampled 2 to 4 GyGy
(population(population--average: average: αα = 0.15 Gy= 0.15 Gy--11, , αα//ββ
= 3 = 3 GyGy).).

0 1 2 3 4 5 6 7 8 9 10
0.5

0.6

Filled Triangles: Filled Triangles: ααii sampled from 0.05 sampled from 0.05 
GyGy--11 to 0.5 Gyto 0.5 Gy--11 and (and (αα//ββ))ii sampled sampled 

Dose (Gy) from 1 to 10 from 1 to 10 GyGy ((αα = 0.275 Gy= 0.275 Gy--11, , αα//ββ = = 
5.5 5.5 GyGy).).
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Effects of intra tumor heterogeneityEffects of intra-tumor heterogeneity
44 44 ×× 1.80 Gy (1.80 Gy (original)) 20 20 ×× 2.94 2.94 GyGy ((α/β = 1.5 Gy))39 39 ×× 1.95 Gy (1.95 Gy (α/β = 1.5 Gy))

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 

αα//ββ sampled from asampled from aαα//ββ sampled from a sampled from a 
uniform uniform pdfpdf ((1 to 10 Gy) ) 

on a on a voxelvoxel by by voxelvoxel
basisbasisbasisbasis
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EUD for large dose per fractionEUD for large dose per fractionEUD for large dose per fractionEUD for large dose per fraction

 SoSo--called “generalized” called “generalized” gEUDgEUD neglects the neglects the ββGDGD22

component of cell killingcomponent of cell killing
• Most of our knowledge of the effects of radiation on normal tissues 

comes from conventional (low dose) fractionationcomes from conventional (low dose) fractionation

Step 1.Step 1. Convert 3D dose distribution for hypofractionated (nR < 3-5) treatment 
into equivalent conventional (n < 30-45) 3D dose distribution

( / ) 41 1 1
2 ( / ) /

R R Rd n dd
n

α β
α β α β

   = − + + +  
   

Apply on voxel by 
voxel basis

Step 2.Step 2. Convert 3D dose distribution 
for conventional treatment into 

1/1
a

a
i igEUD v D

V
 

=  
 


gEUD
i i

i

g
V 
 


a = 1 (average dose), a → +∞ (maximum dose), a → -∞ (minimum dose)
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SummarySummarySummarySummary

 Absolute quantitative prediction of tumor control, Absolute quantitative prediction of tumor control, 
complication rates and cell survival very sensitive to even complication rates and cell survival very sensitive to even 
small uncertainties in biological parameterssmall uncertainties in biological parameters

• Such models are (and always will be) a highly non-linear function of dose 

 For a heterogeneous patient (For a heterogeneous patient (or cell) population, shapes of ) population, shapes of 
dosedose--response curve cannotresponse curve cannot be accurately modeled using be accurately modeled using 
the LQ and a single set of (the LQ and a single set of (average) radiosensitivity) radiosensitivitythe LQ and a single set of (the LQ and a single set of (average) radiosensitivity ) radiosensitivity 
parametersparameters

• Usefulness of alternate mathematical models usually offset by introduction of additional 
ad hoc biological parameters into modeling processad hoc biological parameters into modeling process

 Direct use of TCP, NTCP models to compare and rank Direct use of TCP, NTCP models to compare and rank 
alternate plans and modalities may result in the selection of alternate plans and modalities may result in the selection of 
i i ii i iinappropriate or suboptimal treatmentsinappropriate or suboptimal treatments

• Also need to specify large number of biological inputs
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Robust BGRTRobust BGRT Key PointsKey PointsRobust BGRT Robust BGRT –– Key PointsKey Points

 ManyMany ((all?) clinical questions ) clinical questions cancan be usefully tackled using be usefully tackled using 
biological metrics (biological metrics (doses) derived from existing models) derived from existing models

• Semi-quantitative relative plan ranking and comparison

 Biological metrics derived by equating Biological metrics derived by equating acceptableacceptableg y q gg y q g pp
treatmentstreatments to to alternatealternate onesones
• Need to incorporate corrections for relevant biology into biological 

metrics (repopulation effects LET effects oxygen effects low-dosemetrics (repopulation effects, LET effects, oxygen effects, low dose 
hyper-radiation sensitivity, bystander effects, …)

 Isoeffect calculation are remarkably Isoeffect calculation are remarkably insensitiveinsensitive to to 
i i i ii i i iuncertainties in biology parametersuncertainties in biology parameters

• Assess the impact of uncertainties associated with biological parameters through 
Monte Carlo sampling (or other methods)

• Uncertainties in biology offset by clinical judgment (i.e., the use of a “reference 
treatment”)
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Future of BGRTFuture of BGRT Individualize and AdaptIndividualize and AdaptFuture of BGRT Future of BGRT –– Individualize and AdaptIndividualize and Adapt

 Patient imaging first part of treatmentPatient imaging first part of treatment
• Estimate of one or two key biological parameters from patient imaging

 Individualized isoeffect calculationsIndividualized isoeffect calculations
S l h bi l i l f b bili di ib i f• Sample other biological parameters from probability distributions for an 
appropriate patient population

 Individualize and adapt 2Individualize and adapt 2ndnd stage of treatmentstage of treatmentpp gg
• Compare and rank alternate plans and modalities for individual patients

 Boost, alter modality (e.g., protons), re-size GTV or PTV, …

• Patient-specific cost-benefit analysis of adapted treatmentat e t spec c cost be e t a a ys s o adapted t eat e t
 Is it worthwhile to alter the original plan?
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Supplemental SlidesSupplemental SlidesSupplemental SlidesSupplemental Slides

 Repopulation Effects in External Beam TherapyRepopulation Effects in External Beam Therapy
 Brachytherapy Isoeffect CalculationsBrachytherapy Isoeffect Calculations
 Derivation of EUD formulaDerivation of EUD formula

This presentation along with the supplementalThis presentation along with the supplemental 
slides available at

http://faculty.washington.edu/trawets/http://faculty.washington.edu/trawets/
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Equivalent doseEquivalent dose repair and repopulationrepair and repopulationEquivalent dose Equivalent dose –– repair and repopulationrepair and repopulation

( ) ( )S D S D
Reference Treatment = Alternate TreatmentReference Treatment = Alternate Treatment

( ) ( )2 2

( ) ( )

exp exp
R

R R R

S D S D

D GD T D GD Tα β γ α β γ

=

− − + = − − +

4 ( )/ GD G D T Tγα β    

Take logarithm, apply quadratic formula Take logarithm, apply quadratic formula 
and rearrange termsand rearrange terms

4 ( )/ 1 1 1
2 / /

R R R R

R

GD G D T TD
G D

γα β
α β α β α

  − = − + + + −  
   

DD is the total treatment dose needed to achieve same biological effect  as is the total treatment dose needed to achieve same biological effect  as 
a reference treatment that delivers total dose a reference treatment that delivers total dose DDRR

D i d b h l fD i d b h l f //ββ (i G ) // (i G /d ) d h dd h dDetermined by the value of Determined by the value of αα//ββ (in Gy), , γγ//αα (in Gy/day) and the dose and the dose 
protraction factor for the reference and alternate treatments (protraction factor for the reference and alternate treatments (GG and and GGRR))
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Repopulation Effects Repopulation Effects –– Fast and Slow Fast and Slow 
Growing TumorsGrowing TumorsGrowing TumorsGrowing Tumors

85
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TT = 43 d= 43 d 85
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H d d N k CH d d N k C
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85 Prostate Cancer Prostate Cancer TTdd = 43 d= 43 d

TTdd = = ∞∞
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TTdd = 5 d= 5 d

28 28 ×× 2.5 2.5 GyGy 28 28 ×× 2.5 2.5 GyGy

To

25

30

35

40 To
25

30

35

40
TTdd  5 d 5 d

Number of Fractions
0 5 10 15 20 25 30 35 40 45 50

15

20 ((αα = 0.15 Gy= 0.15 Gy--11, , αα//ββ = 3.1 = 3.1 GyGy))

Number of Fractions
0 5 10 15 20 25 30 35 40 45 50

15

20 ((αα = 0.25 Gy= 0.25 Gy--11, , αα//ββ = 10 = 10 GyGy))

Repopulation effects are negligible for slow growing tumors but Repopulation effects are negligible for slow growing tumors but 
potentially very significant for fast growing tumorspotentially very significant for fast growing tumors
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Are gains in tumor control significant?Are gains in tumor control significant?

85

90

Are gains in tumor control significant?Are gains in tumor control significant?
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Reference: 28Reference: 28 ×× 2 52 5 GyGy R f 44R f 44 1 81 8 GG
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ot
al

 D
os

e 
(G

y

45

50

55

60

ot
al

 D
os

e 
(G

y

45

50

55

60
dd

TTdd = 5 d= 5 d

To
25

30

35

40To

25

30

35

40
TTdd  5 d 5 d

28 (28 (12% i ))

nn = 20 (= 20 (6.4% gain))

Number of Fractions
0 5 10 15 20 25 30 35 40 45 50

15

20

Number of Fractions
0 5 10 15 20 25 30 35 40 45 50

15

20 nn = 28 (= 28 (12% gain))

Key Point #2:Key Point #2: Clinical significance of potential gains (Clinical significance of potential gains (or losses) are easily judged ) are easily judged 
when expressed in terms of physical dose.when expressed in terms of physical dose.
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Prescription dose for competing modalities?Prescription dose for competing modalities?Prescription dose for competing modalities?Prescription dose for competing modalities?

Temporary or permanentTemporary or permanentTemporary or permanent Temporary or permanent 
brachytherapy implantsbrachytherapy implants

Fractionated ExternalFractionated ExternalFractionated External Fractionated External 
Beam Radiation TherapyBeam Radiation Therapy
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Fractionated EBRTFractionated EBRT →→ BrachytherapyBrachytherapyFractionated EBRT Fractionated EBRT →→ BrachytherapyBrachytherapy

Dose for a brachytherapy procedure (Dose for a brachytherapy procedure (again) determined by) determined by

4 ( )/ 1 1 1
2 / /

R R R RGD G D T TD
G D

γα β
α β α β α

  − = − + + + −  
   2 / / RG Dα β α β α   

Reference TreatmentReference Treatment Brachytherapy ProcedureBrachytherapy Procedure
(“(“clinical experience”)”)
DDRR = total dose (= total dose (GyGy))
nnRR = number fractions= number fractions

2
( )

2

(1 ) 1
(1 ) (1 )

Tx yxG G e
x x

λ μ− −
∞
 +  = − −  − − 

RR

ddRR = = DDRR//nnrr ((fraction size))
TTRR = (= (nnRR -- 1) + 2int[(1) + 2int[(nnRR -- 1)/5]1)/5]

/ ( )G μ μ λ∞ ≡ + exp( )x Tμ≡ −

2 / ( )y μ λ μ≡ −
I tI t

relates to

IsotopeIsotope
HalfHalf--lifelife

RepairRepair
HalfHalf--timetime

TT = = effectiveeffective treatment timetreatment time
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BrachytherapyBrachytherapy Isotope Selection and DoseIsotope Selection and DoseBrachytherapy Brachytherapy –– Isotope Selection and DoseIsotope Selection and Dose
250

ProstateEBRT: 44EBRT: 44 ×× 1 81 8 GyGy Brachytherapy doseBrachytherapy dose
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EUD Motivation which is better?EUD Motivation – which is better?

Region 1Region 1 Region 2Region 2 Region 3Region 3

DD11 = 74 = 74 GyGy
DD22 = 78 = 78 GyGy DD11 = 73 = 73 GyGy

DD22 = 75= 75 GyGy

Distribution 1Distribution 1 Distribution 2Distribution 2

EUD1 EUD2DD33 = 76 = 76 GyGy DD22  75  75 GyGy
DD33 = 80 = 80 GyGy

DDavgavg = 76 = 76 GyGy
DDavgavg = 76 = 76 GyGy

EUD1 EUD2

EUD = the dose applied to all three regions that would EUD = the dose applied to all three regions that would 
produce the same overall level of biological damageproduce the same overall level of biological damage

Biological damage increases with increasing EUDBiological damage increases with increasing EUD

In general, EUDIn general, EUD ≠ ≠ DDavgavg ((because cell killing is a non-linear function of dose))
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EUD for tumor control (3)EUD for tumor control (3)EUD for tumor control (3)EUD for tumor control (3)

( ) ( )2 21exp exp
N

EUD EUD v D Dα β ρ α β− − = − −
To solve for EUD, take logarithm and apply quadraticTo solve for EUD, take logarithm and apply quadratic

( ) ( )
1

exp expi i i i i i

i

EUD EUD v D D
V

α β ρ α β
ρ

=

= 

1 4ln 1 4/ 1 1 / 1 1S BEDEUD α β α β
  

= − + − = − + +     
/ 1 1 / 1 1

2 ( / ) 2 ( / )
EUD α β α β

α α β α β
= − + − = − + +        

( )21
N

S D Dβ ( )2

1

expi i i i i i

i

S v D D
V

ρ α β
ρ

=

≡ − −

Delivery of dose = EUD to all Delivery of dose = EUD to all ii regions will produce same surviving regions will produce same surviving 
fraction fraction andand level of tumor control as heterogeneous dose distribution level of tumor control as heterogeneous dose distribution 
((array of Di values))
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EUD for tumor control (1)EUD for tumor control (1)EUD for tumor control (1)EUD for tumor control (1)

N

∏
1

( ) i

i

N N

TCP EUD TCP
=

=

   

∏
 

1 1

exp ( ) exp ( )i i i i i

i i

v S EUD v S Dρ ρ
= =

   
− = −   
      
 

Neglect repopulation effectsNeglect repopulation effects

( ) ( )2 2
N N

EUD EUD D Dβ β  ( ) ( )2 2

1 1

exp expi i i i i i i i i i

i i

v EUD EUD v D Dρ α β ρ α β
= =

 − − = − −  
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EUD for tumor control (2)EUD for tumor control (2)EUD for tumor control (2)EUD for tumor control (2)

( ) ( )2 2
N N

EUD EUD D Dβ β  ( ) ( )2 2

1 1

exp expi i i i i i i i i i

i i

v EUD EUD v D Dρ α β ρ α β
= =

 − − = − −  
S l f EUDS l f EUD i i i l f l li bl ti i i l f l li bl tSolve for EUD Solve for EUD –– in principle, formula applicable to in principle, formula applicable to anyany
dose distributiondose distribution

Assume ok to replaceAssume ok to replace αα andand ββ on the lefton the left handhand sidesideAssume ok to replace Assume ok to replace ααii and and ββii on the lefton the left--handhand--side side 
(LHS) with tumor(LHS) with tumor--averaged parameters averaged parameters αα and and ββ

( ) ( )2 2

1

1exp exp
N

i i i i i i

i

EUD EUD v D D
V

α β ρ α β
ρ

=

− − = − −

1 1

1 and 
N N

i i i

i i

V v v
V

ρ ρ
= =

≡ ≡ 
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EUD for tumor control (3)EUD for tumor control (3)EUD for tumor control (3)EUD for tumor control (3)

( ) ( )2 21exp exp
N

EUD EUD v D Dα β ρ α β− − = − −
To solve for EUD, take logarithm and apply To solve for EUD, take logarithm and apply 

( ) ( )
1

exp expi i i i i i

i

EUD EUD v D D
V

α β ρ α β
ρ

=

= 
, g pp y, g pp y

quadraticquadratic
1 4 ln/ 1 1 SEUD α β

 
= − + −  / 1 1

2 ( / )
EUD α β

α α β
= − + −  

 

( )21
N

S D Dβ ( )2

1

expi i i i i i

i

S v D D
V

ρ α β
ρ

=

≡ − −
Delivery of dose = EUD to allDelivery of dose = EUD to all ii regions will produce same survivingregions will produce same survivingDelivery of dose = EUD to all Delivery of dose = EUD to all ii regions will produce same surviving regions will produce same surviving 
fraction and level of tumor control as heterogeneous dose distribution fraction and level of tumor control as heterogeneous dose distribution 
((array of Di values))


