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Isocentre PTV-

Planned Target Volume

OAR:
Organ at Risk

ATR:
All the Rest
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Radiation Delivery




Isocentre PTV-:

Planned Target Volume

OAR:
Organ at Risk

ATR:
All the Rest
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Adaptive Radiotherapy

8 Radiation delivery plan 1s calculated once before
treatment starts

8 Wouldn’t it be nice to be able to readapt the
treatment plan each day before treatment?




Multi-Leaf Collimator
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Radiation Delivery




Beam: Energy Deposition
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Beams: Outer Boundaries

100 120 140 160 160 200 XX 240 260 280 300 320 340 360 380 -
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Beams: Outer Boundaries

180 200 220 240 260 280 300 320 340 .

e s o= aTalr aT T EE. 9 LW, i o T & W



Radiation Delivery
two beams, same intensity

83 100 120 140 160 180 200 Z20 240 250 280 300 320 340 360 380
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Radiation Delivery
fiftty beams, same intensity
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Radiation Delivery
fiftty beams, same intensity

| Isodoses: 607
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Same case
different slice




Radiation Delivery
fifty beams, same intensity
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Radiation Delivery
fiftty beams, same intensity

Isodoses
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Intensity Modulation




Radiation Delivery - Beamlets
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Radiation de]jvery (IMRT, Tomotherapy,...)

® [rradiate from several (many) gantry angles

# Beams are divided i narrow beamlets

® Fach beamlet may have a different weight

T TSy e 1 ' 'Th



Optimal radiation treatment

® \ssign to each beamlet the correct weight n order
to obtam:




Optimal radiation treatment

® \ssign to each beamlet the correct weight mn order
to obtain:
s Homogeneous energy deposition mside the Planned
T'arget Volume (PTV)
# Low (or no) energy deposition
mnside the Organs at Risk (OAR)
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Optimal radiation treatment

® \ssign to each beamlet the correct weight n order
to obtan:

s Homogeneous energy deposition mside the Planned
Target Volume (PTV)

® Low (or no) energy deposition
mnside the Organs at Risk (OAR)

s | ow energy deposition
evervwhere else mside

the outside contours (\TR)
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Optimal radiation treatment

® \ssign to each beamlet the correct weight n order
to obtan:

s Homogeneous energy deposition mside the Planned
Target Volume (PTV)

m Low (or no) energy deposition
mnside the Organs at Risk (OAR)

m Low energy deposition
evervwhere else mside
the outside contours ((\TR)

m BUT HOW?
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Optimal radiation treatment

Inverse Optimization Problem

B N e know the dose distribution we need
(the final result)




Optimal radiation treatment

Inverse Optimization Problem

®m We know the dose distribution we need
(the fmal result)

® We do not know what beamlet intensities will
yield the desired result




Optimal radiation treatment

Inverse Optimization Problem

m N e know the dose distribution we need
(the tinal result)

B We do not know what beamlet intensities will
yield the desired result

1 re. the weight of each beamlet for each beam at each
gantry angle -—- hundreds or thousands of beamlets!




Traditional Optimizations

m SEARCH

r.e. By trial and error find the weights
of each of the thousand of beamlets such that:

# The addition of the dose deposited by all beamlets
at each pomt in the Planned Target Volume (P'1V)
will add up to the prescribed dose for the tumour.

® |The addition of the dose deposited by all beamlets
at each pomt in the organs at risk (OAR) will be as
small as possible or, 1deally, zero.




T'raditional Optimizations

® Rely on a numerical search
2 Trial and error: trv different values for each of the
hundreds (thousands) of beamlets




Traditional Optimizations

® Rely on a numerical search
1 Trial and error: trv different values for each of the
hundreds (thousands) ot beamlets
1 [ .ong computation times

1 Search mav ‘get trapped’ into sub-optimal results




T'raditional Optimizations

® Rely on a numerical search
1 Trial and error: trv different values for each of the
hundreds (thousands) ot beamlets
s Long computation times

1 Search mav ‘get trapped’ into sub-optimal results

m Alternative: optimize by matrix inversion
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T'raditional Optimizations

® Rely on a numerical search
2 Trial and error: trv different values for each of the
hundreds (thousands) of beamlets
s Long computation times

1 Search mav ‘get trapped’ into sub-optimal results

m Alternative: optimize by matrix inversion

# Very (Very) fast, single and best solution
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Traditional Optimizations

® Rely on a numerical search
1 Trial and error: trv different values for each of the
hundreds (thousands) of beamlets
s | ong computation times

1 Search mav ‘get trapped’ into sub-optimal results

m Alternative: optimize by matrix inversion

8 Very (Very) fast, single and best solution

8 Cannot be used (!!') Why?

e . s o= aTarfaa®™ I "' PR TR i™TrrT™S



Introduction

Traditional Optimizations

® An Object Function O

O = ppry Z (D(x} _SPTV): T Poar Z (.D(-x))z

xc PTV xc0AR




Introduction

Traditional Optimizations

m An Object Function O

O = ppyy Z (_D(,x}—<_C:Pr‘rrr)2 + Poar Z (:D(_x')):

xePTV xcOAR

1 £PTV:the dose prescribed for the PTV (the target volume)
m Dx):the total dose deposited at pomt x by all the beamlets

passing through -

all beamlets

.D(.XI) ad Z ‘Dcach beamlet (.I} . ,




Introduction

Iraditional Optimizations

Weights:
1 Fxpress the dose deposited by each beamlet in terms of
a beamlet wezohr
D{(x) = w.d(x)
m ), - “weight” of beamlet /
1d(~x) - Dose depostted at pomt x by beamlet /

with unit weight




Introduction

TI'raditional Optimizations

® \n Object Function O

O-= Pprv Z (D(xj'_*’;h:lﬂﬂf)2 T Poar Z (D(x))z

x=PTV xc0AR

1 Rewrite the total dose deposited at pomnt x in terms of the
dose deposited at x by beamlets of weight »;

all beamilets

=) — E w, d.(x)




Introduction

Traditional Optimizations

(" all beamlets { all beamlets

 prv |
/ x=0AR \ ] /




Introduction

Traditional Optimizations

/" all beamlets

NPTV |
O=pors Y Y wd.(x)-¢

x=PTV \

s OPTIMIZE THE WEIGHTS!




Introduction

Traditional Optimizations

(" all beamlets

PTYV )
T' “'1;'{]*'{"{- ) — & ¢

| m—

s OPTIMIZE THE WEIGHTS!

m Minimize O with respect to all the weights ».

e Al for all w.
aw. =
W




Introduction

Traditional Optimizations

(" all beamlets

O=pre Y Yy wd.(x)-™ e ¥  wd.(x)

x=PTV \

= for all w

®l3

x=PTV x=PTV =0AR

O =Py Z [auhfimwj dl.f_x,rdji,xJJ i Z d.(x)+ Poar Z [ﬂlbin“ w, d:.[_x_'JdJ.{:x}J
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Introduction

Traditional Optimizations

{ all beamlets

> (S

x=PTV \

“'1;'{-]; \X)—¢& ‘ + Poar T

i gt
aw,

all beamlets ' ' all beamlets
0=pp Z wj( Z d;.l'x}dj.{xJ]—pFﬂ.f:Pﬂ'[ Z d:.ax_,rJJr P z ur_;.( Z d.(x)d (x)
J x=PTV _ x=PTV J =0AR



Introduction

T'raditional Optimizations

all beamlets T‘ e (_ : all beamlets -
O > u,-'___[ > .x::d_}_.ix_l}—~ | Y dix I]+ T S d.(x)d (x)
j e PTV , \ x=PTV F xeO0AR




Introduction

Iraditional Optimizations

el

xe PTV \ x=PTV
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< all beamlets
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Introduction

I'raditional Optimizations

all heamlets f T‘ j s J/ all beamlets
0=pop Z u,-'___[ p d:.n.,t::d_}_.rx;]—plgﬂ.g Z r:f:-{.'t:']%-pam Z v Y d (x)d (x)
; re PTV \ x=PTV w

all beamiet \ j all beamiets /
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Introduction

TIraditional Optimizations

all beamlets

all beamlets
0=Dppyy Z u;_,.[ Z dfi.t:,ld_;.li]—pPﬂ-gmr( Z dit.r.l]-i—pm& Z w}.[ Z d.(x)d (x)
F OAR

xePTV x=PTV

all beamlet:\ [ all beamiets /

by PTV PTV oPTV " OAR
0= Ppry Z w;x;  —PprvE P + Poar Z w; &;
J J

% PTV OAR - PTV




Introduction

Traditional Optimizations
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Introduction

Traditional Optimizations

J F

x=ePTV x=PTV x=0AR




Matrix Inversion Optimization

m (Call w. the weight of the beamlet with ‘TD number’ j

® The optimal set of weights can be found by solving a
set of linear algebraic equations:




Matrix Inversion Optimization

m (Call w, the weight of the beamlet with ID number’ y
® The optimal set of weights can be found by solving a
set of linear algebraic equations:

;AR s (11;-,1: - 0:13&1': N . — 31

Ay Wy T AyoW, T AWy T Ay W, T ... =

|

(111'-‘\'; _+- {13#_,"»1'1 o = ajjatﬁ.'-; _:_ (Iﬁ.'ﬁ' _.II_ — — 3

e | o 3 &

® The weights w, are unknown

B |he other coefficients are known

e . s = aTarfaatTH P " 'R




Introduction

Traditional Optimizations

all beamiets F""
[ Z wd.(x)—g"

O = pppy Z
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Introduction

Traditional Optimizations

[ all beamlets

Z widf(x)—gmf} + Doan Z

[ all beamlets
x<OAR

Z w.d. (x)]-

OPPTVZ

xePTV ]

DISASTER!!!

® \ number of weights »; come out negative '\é
N
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Introduction

Traditional Optimizations

{ all beamlets

N w.d.(x)




Introduction

Traditional Optimizations

(' all beamlets -
‘ T w.d.(x)

. PTV |
\— w.d.(x)—¢e ‘ T Poar
/ y=OAR N
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Introduction

Traditional Optimizations

{ all beamlets /" all beamlets

x<PTV \ ' '

y=DAR

®m Constram all the weights », to be positive

m Optimal w:must be found through a systematic
numerical search. \y




Introduction

Traditional Optimizations

(" all beamlets -
_. ‘ T w.d.(x)
| — — II

. pTV |
\— w.d.(x)—¢e ‘ T Poar
/ y=DAR M

| —

®m Constram all the weights », to be positive

® Optimal w: must be found through a systematic ,

numerical search. \y
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Inverse Planning Optimization

Medical Science Series

THE PHYSICS OF
THREE-DIMENSIONAL
RADIATION THERAPY
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Radiosurgery and
Treatment Planning

Steve Webb
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Roval Marsden Hospitsl | Suiton, Serrey, UK |

Institute of Physics Publishing
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Inverse Planning Optimization

2 TREATMENT PLAN OPTIMIZATION
2.1 General considerations
2.2 The impossibility of true inverse computed tomography




Inverse Planning Optimization

“... All so well and good except for the problem of needing
negative beam-weights... ... As we have seen, i1t 1s apparent
that, without unphysical negative intensities, perfect dose
distributions can never be achieved...”

“...It 1s these limitations which iterative, and admutredly
computationally expensive, dose-planning algorithms can
TETIENE . .. . ... Methods of solving the inverse problem which
constrain the beam intensities to be positive avord this
ditficulty altogether by seeking practical solutions. ..

S. Webb (1993) \y
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Is speed the only 1ssue?

®m Consider a system symmetric under rotations:

Circular PTV and outside contour, centered at the isocentre

oy — 4 cm .
Gnd cell-length = 0.4 mm \\ﬁ
Number of beams = 80 :

e W o= aTalr T EE N L a2 Tl & a0



Is speed the only i1ssue?

B (Consider a system symmetric under rotations:

Circular PTV and outside contour, centered at the isocentre

m \ll beam weights must be
the same

r — 4 cm g
Gnd cell-length = 0.4 mm Qﬁ'
Number of beams = 80 :

e T o= aTaraT T EE YN L. i aT e & o V.
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Is speed the only 1ssue?

oy = 4 cm

Gnd cell-length = 0.4 mm
Number of beams = 80
Number of negative weights: 8
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Is speed the only i1ssue?

m | he symmetrv 1s lost!

rsa: 06050020 ;-a

rory = 4 cm

Gnd cell-length = 0.4 mm
Number of beams = 80
Number of negative weights: 8
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Is speed the only i1ssue?

®m | he symmetrv 1s lost!

E=p—@=fi=B=g= i i 5 3 5 & 3

i
L
o
2
!

m \]l beam weights should
be the same!

re—r = 4 cm

Gnd cell-length = 0.4 mm - f
Number of beams = 80 Qi?

Number of negative weights: 8

e . e o= aTara=TTEE 9 .. & T & a0



Inverse Planning Optimization

2 TREATMENT PLAN OPTIMIZATION
2.1 General considerations
2.2 The impossibility of true inverse computed tomography
2.3 The case of a circulariy-symmetric dose distribution

e . s o= aTaraTTEE . 9 .. &2 T & a0



Inverse Planning Optimization

P27




Inverse Planning Optimization




Inverse Planning Optimization

The impossible
IS possible
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Introducing. ..

FIDO

Fast Inverse Dose Optimization




Introducing. ..

FIDO

Fast Inverse Dose Optimization

B An exact solution of a system of inear
algebraic equations with posittve weights

B N o numerical search!!!




FIDO — The Method

e




FIDO — The Method

Avoiding negative weights in regions in which

dose deposition 1s undesirable:




FIDO — The Method

Avoiding negative weights in regions in which

dose deposition 1s undesirable:

Presently
m |he addition of the dose deposited by all beamlets

at each pomnt i the organs at risk (OAR) will be as
small as possible or, ideally, zero.
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FIDO — The Method

Avoiding negative weights in regions in which
dose deposition 1s undesirable:

Presently

m | he addition ot the dose deposited by all beamlets

at each pomt in the organs at risk (OAR) will be as
small as possible or, 1deally, zero.

m The op tmization vields some beamlets that are positive.

some that are Ilt‘j._'_‘j.-lfﬁ't‘ (1M and the sum cancels to zero.

e . s o= aTarfaat™ I A i aT ol a a0



FIDO — The Method

Avoiding negative weights in regions in which
dose deposition 1s undesirable:

Presently

B The addition of the dose deposited by all beamlets

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.

m The {.‘}Frin‘ﬁzarir.:u1 vields some beamlets that are positive.
some that are Ilt‘g.lfﬁ*i:" (1M and the sum cancels to zero.

e a+b—0 > b—a

L1

e W a2 aTalrf T EE . NI LW i Tl &= a0



FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
B |he dose deposited by each beamlet

at each pomnt mn the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition is undesirable:
Presently

m |he addition of the dose deposited by all beamlets

at each point in the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
m  The dose deposited by each beamlet

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.
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FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
Presently

B |he addition of the dose deposited by all beamlets

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
B [ he dose deposited by each beamlet

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
B |he dose deposited by each beamlet

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition is undesirable:
Presently

B |he addition of the dose deposited by all beamlets

at each point mn the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
B |he dose deposited by each beamlet

at each pomt in the organs at risk (OAR) will be as
small as possible or, ideally, zero.




FIDO — The Method

Avoiding interference effects in regions in

which dose deposition 1s undesirable:
New in FIDO:
B | he dose deposited by each beamlet

at each pomt in the organs at risk (OAR) will be as
small as possible or, 1deally, zero.

m The only wav to have beamlets whose sum cancels to zero 1s

it each beamlet has zero mreu::ir_r.

e . s = aTearfaat ™ ¥ " IR "TTrRi™TrrT™S



FIDO — The Method

First Change in the Objective function

[/ all beamlets

| > D(x)| >0 with D,(x)=0 forall beamlets

x=OAR l\




FIDO — The Method

First Change in the Objective function

!/ all beamlets

m [f Z

veOAR \

®m then Z

xeOAR

s

> D(x)| >0 with D,(x)>0 forall beamlets

all beamlets
Y DX(x)—>0 with D/(x)>0 for all beamlets

H




FIDO — The Method

First Change in the Objective function

| ( all beamlets

alf 2| 2> D@| >0 with D(x)=0 forall beamlets

r=OAR l\

all beamlets

®m then Z Z Df(x)—)() with D,(x)>0 for all beamlets

xeOAR




FIDO — The Method

First Change in the Objective function

]

/111 beamlets
s If Z| > D(x)| >0 with D(x)>=0 forall beamlets

1:’__)—1R

all beamlets

®m then Z Z Df(x)—)() with D, (x)>0 for all beamlets

xe(OAR

m We elimmate the ad-Hoc constramt (o, > 0) on
physical grounds:

1 No interference between beamlets ./
2 il _ #
1 Minimize the dose deposited by each beamlet! .\\'.5

e . e o= aTarfaatT™ I " PR "TraireTrT™Ss



FIDO — Summary

m Beams with negative intensities can be avoided




FIDO — Summary

m Beams with negative intensities can be avoided

m Fast optimization
8 Matrix inversion mstead of a numerical search

m Single best solution:
Absolute minimum \y
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FIDO — Summary

m Beams with negative intensities can be avoided

m Fast optimization
m Matrix inversion mstead of a numerical search
m Single best solution:
Absolute minimum
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20 Gantry Angles: 0° to 360"
total number of beamlets: 988
beamlet width: 2 mm

matrx calculations ttme: 2”

optimization time: 0.25”

Valume (%)

- ol F =1
Pirsa: 06050020 Dese (%) Page 110/143
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40 Gantry Angles: 0° to 360"
total number of beamlets: 1976
beamlet width: 2 mm

matrx calculations ttime: 77

optimization time: 3”

Valume (%)

40

- L1 i w = L) U
Pirsa: 06050020 Dese (%) Page 111/143
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60 Gantry Angles: 0° to 360"
total number of beamlets: 2968
beamlet width: 2 mm

matrix calculations time: 16”

optimization time: 12”

Valume (%)
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Isodoses: 15%(C). 35%(W), 60%(V). 85%I(G}. 95%(B). 98%(0}. 102%/(Y) 60 Gantrv Angles: 0° to 360°
total number of beamlets: 2968
beamlet width: 2 mm

matrx calculations ttme: 16”

optimization time: 127

Valume (%)
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9 Gantry Angles: 0” to 360"
total number of beamlets: 393
beamlet width: 5 mm

matrix calculations time: 0.83”

(}pdlnjzgﬂ{Jn ome: 0.02”
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[Isodoses: 26%(C), 40%(W). 65%(V), 85%(G), 95%(B) and 105%(Y) ] 9 Gantry Angles: 0" to 360"
total number of beamlets: 393

beamlet width: 5 mm
matrx calculations time: 0.83”

optimization time: 0.02”
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20 Gantry Angles: 0” to 360"
total number of beamlets: 1162
beamlet width: 3.75 mm
matrix calculations time: 14
optimization time: 0.5
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Results

40 Gantry Angles: 0° to 360"
total number of beamlets: 2326
beamlet width: 3.75 mm
matrix calculations time: 48”

|

optimization time: 5.5
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40 Gantry Angles: 0” to 360"
total number of beamlets: 2326
beamlet width: 3.75 mm
matrix calculations time: 48”

optimization time: 5.5
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Results

40 Gantry Angles: 0° to 360"
total number of beamlets: 2326
beamlet width: 3.75 mm
matrix calculations time: 48”

577

optimization time: 5.5
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40 Gantry Angles: 0” to 360"
total number of beamlets: 2326
beamlet width: 3.75 mm
matrix calculations time: 48”

optimization time: 5.5”
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50 Gantry Angles: 0° to 360°
total number of beamlets: 1642
beamlet width: 2.00 mm
matrix calculations time: 6™

c)pti.‘[niz:ar_i(:-n ttime: 1.02”

Volume (%)
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Results

50 Gantry Angles: 0° to 360°
total number of beamlets: 1642
beamlet width: 2.00 mm
matrix calculations time: 6”
optimization time: 1.02”
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[Isodoses: 25%(C). 40%(W). 50%(V). 85%I(G). 35%B). 58%(0). 102%(7) | NS LU @1:15 s glaN s T3 IS U Vo le [6105
200
e T total number of beamlets: 1642

150 o - .

12 beamlet width: 2.00 mm
190 /. - : . . :
- . - N matrix calculations time: 6”

188 : optimization time: 1.02”
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Results

50 Gantry Angles: 0° to 360°
total number of beamlets: 1642
beamlet width: 2.00 mm
matrix calculations time: 6
optimization time: 1.02”
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Results

60 Gantry Angles: 0” to 360"
total number of beamlets: 2314
beamlet width: 2.00 mm
matrix calculations time: 477
optimization time: 37
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Concluding Remarks

Using the FIDO algorithm we obtain
very conformal dose distributions
in very short optimization times

m Conformal dose distributions: Allow to reduce
the safety margin around the target volume

m Very short optimization times: Open the door to
adaptive radiation therapy (re-optimize before each
fraction 1s administered)
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Why Medical Physics?

m [mmediate benefit to soctety
m [igh demand for medical physicists
m Exciting tield with tremendous tuture

m Good salaries
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Cutting-edge Research in

Medical Physics at Ryerson
http:/ /www.physics.ryerson.ca

®m Radiation therapy

Magnetocarcmotherapy (wagnefic nanoparticles)

Biomedical optics (fzbergptics + lasers)

Photoacoustic and magnetoacoustic tomography
Ultrasound imaging and therapeutics

Thermal Therapy

X-ray fluorescence (analysis of trace elements in humans) \
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Superb Teaching & Training in

Medical Physics at Ryerson
http:/ /www.physics.ryerson.ca

m Princess Margaret
® Sunnybrook
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Medical Physics at Ryerson
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Present Work

3-D IMRT

Scattering effects

Dose Volume constraints

Gantry angle optimization

Intensity Modulated Arc Therapy (future)

Applications to CT image reconstruction
(Queen’s University)




Monday, June 12, 2006
8 AM - 4:45 PM

Brock University
Thistle Complex, Room 325
Registration: Free - before June 1st
($25 after June 1st)

Lunch Provided
* Sponsored by the Canadian Institute
for Photonics Innovations

Special DVD Showing & Presentation:

dession Toples:

= (Classroom Activities to
Engage Students

= Teaching Strategies for
Physics in Canada

= Einstein’s Impact on
Science Culture

= Breakthrough Radiation
Therapy of Tumors

= Strategies for Advancing
Biophotonics
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o0 Poster Sessions to update yourself on a wide variety of modemn Physics research!
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* Jponsorea py me vanaaian insuwue ‘ Biophotonics
for Photonics Innovations

pecial DVD Showing & Presentation: hﬁ;ﬁ:ii'i:ill_lllﬁfi |”'-|_| Sl
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Poster Sessions to update yourseif on a wide variety of modem Physics research!

Herzberg Memorial Public Lecture

Sunday June 11, 2006 7pm
Sean O’Sullivan Theatre, Brock University

Ernie McFarland, University of Guelph

This event is tailored to the General Public.
No mathematical or scientific knowiedge is necessary.

For more information contact:
Heather Theijsmeijer at heather theijsmeijerc@ridiey.on.ca
Or visit: http://cap06.brocku.ca/english/teachers.htmli
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