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~ 1incldent on A heterogeneous wedium. It is an overview in '

.}

\60 6-MV, .and IS;MV x‘-ra&s ‘which are incident ‘on lung

. . o ] , N ! ) . R . ) ! .
a N . v“f. o ": : i T ' " t o 1 . Tm———

This thests 1sa critiqueof the EquiValen\gissue Air

Ratio metbod of dose calculation t‘or megavoltage photons

(4

¥

'which the major pnysieal and computational assumptions of‘

method accounts for the ini‘luence of "tissue density

inhomogeneity, a8 identif'ied by x-—ray comput;ed tomography ; '

i

‘on the primary a.nd sca,tter components of the incident photon j

radiation. It is used routinely on many computerized systems‘

N >

'developed for planning the radiation therapy Of. « cancer;

patients , T

¢ ° . ,
i . B .
. . N . . .

N Chapter 1 presents a clear def‘inition of' the dose -
’ _ 1
\ .
J calculation problem, followed by the introduction of, some

importa.nt terms and concept’s{/ u§ed in radiation dosimetry'\

Chapte{ 2 focuses on the Simple Ratio of TAR's method since

1t is an . important preoursor to <+the Equivalent Tissue Air» :

Ratio» method which is explained in detail in Chapter 3
Chapter ll deals witi all of the assumptions highlighted in
Chapt‘er‘g’ ‘Their implications in térms of dose accuracy are'

examined by . comparison with measured dose -data for Cobalt—

‘phantoms of' various configuratipps.' The inf‘luence‘.:"ofﬂ' “the

f‘ollowing on dose accuracy was investigated

L) Dominance of *Compton interactions.#

the method are %hlighted @nd studied in detail. This

-



v 2) /Dominance of‘ pr'imar'y and 'first scat;ter components. T,
gL I ‘ 3) Electrcnic equllibrium. RPN o S L O
| ll) Pr'imar'y depthscaling f‘or' the scatter component: . W |
5) . Tissue.attenuation in deter'minfng the weights«
. | - 6) Two di:mensional-simplit‘ications. ' o

"IN . \ - .‘ . . . : T -
[ giy . .. € -
S ¥ \\ 7) Effect of the reference. epths on the weight:s. S S .

y v . LA R

8): Resolc:n of "the. scatter. grid. .

A -

N
& -

some suggestions for :‘Utur'e ‘res@arch.It is concluded that

: | ) °t . the’Equivalent | Ti;sfsue Alr . Ratio‘tnethod of dose calculation B ” ',
. . ~coa;ectly pr'edicte the’ Inn&nogeneity Ccrnection' Faci':ors v. .
' v‘lith1n°. 1ing-11ke inhomogeneiti'es\' ‘f‘or' Cobalt'-éo nadiatim. .At ' |
" . higher' energles ( 15-MV  x-rays ') the . results are less |
o - . . ‘acc’ur'af:e for siéqationé‘ of _ef}ectrrﬂonic‘ disequilibrium.

-~ ' o o _ J
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1.} Introduction ' .

§ B T
1, Introduction L

o ' _ A
Ini 1896 Grubbe and Despeignes [23]‘pioneered cancer

’ . \ . ’ LA
treatment using' recently dis¢overed X=-rays on inoperable

‘carcinomas. In the 91 years that followed the technidge of
radiation “therapy has  developed, ‘cqnsiderably Today
'radiotherapy {s one of the three most effectlive forms of

‘ cancer-therapy, replacing or complimenting both surgery and

_ chemotherapy External radiation' therapy is, papticularly

sulted for therapy of" localized umors whose locatign .cah ve

Y

- accurately. determined through ging; In Alberta, about 55%

/

of cancer patients receive radiation\during the course of

-

their disease.. . - : ‘ ‘ e

A

\

The most common form of radiotherapy is applied with ‘

external photon beams Other forms of‘radiotherapy include

- the use of internally placed (1nterstitial or intracavitary)

v_sources, as well as external particle beam therapy. In the

5. )
latter, a beam of particles such as electrons protons,
7

N

photons to improve_dose localization or biological effect.

3
N -

Unfortunately, external photdn therapy iswnot'Without

1its complications. These complications may involve short

" term effects such as erythema ( skin reddening ) or the long

. . .oy .
\1 . b
. o ¢ . - .
R : . : ’ .

| heavy nuclel, or mesons are used instead of the conventional

1}

-

T a

d
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| desired dose , to the tumor while minimizing the dose to the

‘term residual effects such as lung fibrosis. Most of these

complicatibns result from _the inevitable irradiation of -

4

healthy tisshe surrounding the diSeased volume.

o

Sincé both healthy and diseased- tissues are exposed to
the radiation, 1t s, very important that the dose be
maximized in the cancerous tisste. It 1s the function of the

treatment planner to determine the energy, combination, and

l.orientation of the radiation beams that will deliver the

healthy tissue. The planner achieves this by modeling both
S

~the patient anatomy and the physibs of the radiation

penetratidn. The accuraey of . the delivered‘ dose shouldrpe

kept within 5 '% of ' the . prescribed value . [4], whieh

corresponds to 2—3% in the adcuracy _required of the dose

computation step. N

1.2 %omputed Tompgraphy ( T ) Imaging
T —

It would be 1deal 1if all patients were composed of

water-equivalent tissue,E because then the pateent could bej
modeled simply- by relx&ng on radiation measurements made in -

a simple water tank, This is not the case ‘and before any '

attempt can - be made to cerrect ‘the dosé for ~tisSue

inhamogenelties, their sizé, position,' ahd material

composition must be accurately -known [14]. Furthermore all

of this ipformatt@n\smust be acquired ﬂrom the fgalient



e

_ thbgugh nonldestqretive imaginé .tecnniques; l_The ‘”most SR
- .common method of.dbtaining this infOfmation fs“througn X-ray
:Computed Tomography (- CT ). The‘ CT scan produces a ftwev o ‘ .l
'dimensional image of a transverse slice ( typleally 1 em;~\ |
-thick ) through the .patient. The Scan yields infonnation
.about the different x-ray attenuation kproperties of: the
.tissues in_éthe slice, The images that ~are. produced are
"composed of many individual pixels Qle;é;‘256'x'256 ) whose . -
numerical' vaiue 1s directly related: to the. - l1near
attenuation coefficient ( em ’, ) at -the x—ray energy used '
forsthe scan. However it 1is ossible to conVert _these
~attenuation values to relative :;eafion densities (2] for a .
wide range of tissues. Electron densities are more suitable ‘.. -
for dose computation at megavoltage photon enengies because J
Compton and 'Coulornb intar'a‘c_tions are\ the major ef.‘f‘ects; /
causing dose deposition.. These~!numerica1 inages' ( orv,. |

‘UMatrices ) are " 'naturally " gulted fer numéricai analysis

by a compute and can be stacked together to provide a *

.complete thre (dimensi@nal model of the patient.

se of CT scans 1n treatment plannihg has many o,

P

K . scamner & lch 1s used.?oh~diagnostic purposes. &he advantage o \

of CT is he high spatial resolution (x 0.1 cm. )' of tng\‘ e e

3

- . R
.2 om .
. . :
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'7 R L patient surf‘ace ' contour. ' ’I‘he ‘contour can usually be ;
= determined to ‘within one pixel because of .the high contrast : .o
N . . S
Jo. ' at the air-tissue inteq&ace. The greatest advantage is the i
A e ’ . tissue dghsity resolution ( 0.5% ). Thus CT scans provide
' o~

the true geometry and density of tissues to be transversed '

"by the therapy beamd.. e o SN

, - . N ) - ,

' . s
¥ - . . . . - i e,
L ., ) . There are also Lﬁ{ disadvantages In using CT scang

8 ¢

The "donqt" design of,‘ ‘the CT scanner sometimes makes it

: . dif‘fi'cult to place the patient in the exact treatment S
RN “ .

/ configuration f‘or, the scan. Another p-roblem disdussed above

' involves the conversion CT numbers to relative %lectron
“ R h . \ N fl
densities.' However this problem= can be overcome ‘through ‘

auxiliary ibration procedures [2] with #n accuracy:'
\

Ly

® suf‘ficient for 3Qse comput&tions. N

el .
& c « . : . L)
. : v

7 o 1)
¢ o

®¢1.3 Magnetic Resonan‘ce Imgging ( MBE:*) B S
I . : L IR

. . E Fe
A T

- -

:‘"

I

— ' Ano‘ther type of' diagnostic i.maging system with .

: p?tential application to radiotherapy planning_ 1s . the"
?* e . ' ' 0 ‘ I ’ &

process of magnetic resonaflce‘ Imaging. This'process relies .

on the f‘act that certain atoms ( principally hydrogen ) have J

magnetic dipoles that ‘can be aligned with a pb\lse of‘

N
. -

.. . . : .extema.L.I_magnetic, f‘-ield [243.: When the fleld is r@oved, the J

) L digoﬁle‘s emit a“smalll electromagnetic signal  as *they relax
‘vb;ck_ ﬂto-' an eguilibriurt sta"te"-'grr,lf“ ‘ this 1s done’ in “the
presence of ‘én.additionai‘ magéetic field 'gradient;\ these ;' )

»

¢ : — i . : ~
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. The main advantage of* this type of imaging is that*

v : .
. .
.

signals can be localized to a tissue vblume and manipulated

v !

to form an . image. T .t | | \

- )
-

—

different nuclei df biological interest can’ be imasfd. Also

the images are not restricted to predefined planes through
\
the patient The data may be obtained to image directly any

(plane through. the\patient ( ie. true three dimensional
volume information -has been recorded ). With x-ray CT

asimilar versatility . can only be achieved by post-scan

Qﬁmanipulation of a stack of slices. , .

!

k4

This system appears tq be ideal for diagnosis. ‘For
: treatméht planning, there are drawbacks. Availability is one
of the major stumbling blocks since capital and operating

costs are high Furthermore the time required per image is.

a CT soan, because of the dipole relaxation times. Finally,

‘_the quantitative data obtained ( proton density, relaxation

' times ) are not” appropriate for accurate megavoltage dose

‘(’ »

'computations, where electron density distributions are

required. ' v S : g

" considerably longer ( minutes instead of seconds ) than for _

)

t
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1.4 Sources of Pgoton Radiation' - . .

& " ‘There are two t&pes.of sources avallable ,for,rthe

3

pEoduction of external photon radlation -beams; a;ra&ioagtive .

source ‘and x—rays producedv' by“* accelerated electrpn
bombarding a vtaréet The most common' radio—isotope 18"
Cobalt 60 which releases two characteristgc gama rays (
1. 17 and 1 33 MeV ) that are -useful ﬂor radiétherapy. The
linear accelerator uses high voltage to- accelerate electrons

towards a tungsten target. As the electrons decelgrate in-

the Jtarget, they \produce bremmsstrahlung radiation.. The |

radiation produced here is different than that produced by ‘a i

» by

\radioactive source in that 1t is a c‘ntinuous spectrum of

~ photons ingtead” of discrete monoenergetic photons. This

makes the " Output " of a .linear accelerator a 1little more -
difficult to Sp?:ify and model mathematically. The radiatio’n
spectrum must- be approximated By“numerous' monoenergetic
'levels whose- combined effect will give the desired‘;effect
( e.g. depth dose. penetration ). In the simplest

approximation a single equivalent or*effective ”energy is

used to represent the spectrum This: simple energy is

determined)from measuremehts of the~beam._penetration ( t.ev?

) )
half value layer ).. - ° Lo ’
L . )

-



U is the most 1mportant type of Interaction in tissue—lixe

. \ Boa \
1.5 Interaftions of Photons With Ti8sue ' ‘
" : )
When a photon interacts with a medlum it can haugen by
one of three major prooesses- Photoelectric effect, C‘
scattering, or pair production [6]
. . . x
If the photon interacts by the photoelectric
the atomic " collision " will eJect a b~
photoelectron will’ have an energy equal iy -
photon less the Sinding energy of the eIectron, and it is r
responsihle for the dose deposition:pAfter the interaction,
‘the remaininé atom 1s left 1in-an exclted state, and- -
Jfluoéescence x—}ays and.Auger electrons are emitted duhing;
de-excitation. . ) . ,
. A Cdmpteq interaction results in an electron as well as j. (//
the Incident photon be;qg scattered. The energy df’ the |
incident photon“is divided betWeen the scattered photon and -

the recoil electron, which 1s reésponsible for dose '
¢ .

deposition. Compton scattering is assumed to occur with -

electrons Tor which the binding energy 1s small compared to

the energy of the incident photon. The Compton. 1nteraction

> materials for megavoltage photon beams ( Sectioq 4.,3.1 ).

-
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The third type or inter

type of 1nteraction is only stsible 1f the incident photon
energy is greater than the threshold energy of 1 02 Mev. Ir
this 1s the case, - then the strong field of the nucleus may .
cause the incident photon to disappear,_ and. an ‘electron

positron palr. to be created. This- 1s "an example' of

A

electromagnetic energy being changed .Into mass. = The

®

T resulting charged particles then travel away JLrom the

.1nteraction slte, each depositing dose along their path

AN
I

The relative iﬁportance of " these _three types of

. interactions'is- energy and tissue dependent.In water, the

photoelectric effect dominates up to energies of about 30

~kev. Compton interaction 4re dominant between the erergles

of 30 kev and 30 Mev, A bove 50 Mev, palir prdﬁuctton is the

"dominant process. Care must be taken in the intervening.

energies because more than one process-may be active.

Ea—

[

\-

1.6 Dose Deposition Mechanism

N

(When a beam of radiationr passes through matter, energy

" from that beam is transferred to the medium by charged

particle;/set in motion. .This energy transfer occurs in a‘
two stage, process. The first stage 1s the interaction,of a
photon with :the atoms of the medtum, The photon does not
usually interact with the nucleus € except in palr
productionﬁ ) but , rather, - with the sJ;rounding- orbital

Y

)
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e'lect‘r'orxs. This results ‘in high energy electrons being
liber'ated from the atom and this transfer 'ot‘ energy s
ref‘er'r'ed to as t:he KERMA ( Kinetic Energy Released per' unit
Mass ) step. The electron then.'travels thr-ough the medium
during which the second stage of the energy transfer takes -
., plake, In this stage the high énergy électron t:r‘ansf'ers its
energy to othér parts.of the medlum thr‘ough nume rous Couloib b
collisio(ls. _These cbllisiono result ‘in lonizations and
excitations of _the host material along the charged partiofe
tracks. 'I'hus all of the energy deposited,in the medlum is ¢
not deposited a'c the original 1nter'action ‘site, but 1s
disper'sed through a small volume ar'ound the 1nter‘act:lon
site. If a small enough volume _were monitor‘ed around a
single Interaction. site, a substantial amdunt of energy
would be deposited beyond this volume. Hepce‘ we ‘have a
\situation in which energy 1s both leaying and en'te'r'iné small
volumes at the same ’time.‘If the amouat of energy leaving is’
.equal tod the amount entering, then charge “particle
equilifrium 1s said §o be established. Since the bulk of the
charged particles are electr'ons ( set in motion by photons

), this 1s loosely referred to as electronic equilibnium.

.1
>~

P

-

4

Under . most conditlons ‘of irr;adiati_on, “electronic
equilibriun 1s 1indeed present. This greatly simplifies dose

“computationsl since this reduces the -prob‘lem to one. ©of photon
" transport in which the electron energy can be assumed to be
© ' “ﬁ. ‘ .' ’ . '.'
+ absorbed " on the'spot I, However, equilibrium 1s generally



L ' .

not present at interfaces ?)etween‘mater'ia‘ls of different
density and = electron scétterix;g _properties, and at field
‘ boundaries ( e.t. othe builéd up reglon ). For these
.8ituations, more complex 'calculatiéns are’ne'eded, and have

been developed [81(91(10]. ’ ' ‘

1.7 Dose in a Hompgeneous Medium

-

"'1.7.1 Tissue Air Ratio ( TAR ) . .

v

‘ . The tissue alr rafio‘ié defined as a ratlo Sétyeen twO
~ doses t?] and is _related to  the total dose due to primary
and scattered. photons. The first dose ( DT ) is to a small
volume of tilssue, located at a point ( P ) in an all;water
medium at a given depth ( d ). The other dose ( D'A ) 1s to
the same -ablume of tissue lqcated at ‘the same distance from
the -source, but.lgzated in air ( Figure 1-1 ). The term
| small volume means-the minimum volumg required to establish
electponic-eqdiiibrium at the point of measuvemené. AsSuming
a‘beam of circulaer cross—section,'the Tissue Air’ﬁétio ( TAR

- ) 1s de\fined as:

TARYd,r,E) = DT / D'A : NS EN

The TAR 1is 'f‘unctionally'dependent on the depth ( d ) wv‘ithj:ﬁ

the medium, the beéam size ( r ) at the depth of measurement,

) : _ )
and the incident ene E).

IR ¥ R ‘ *

10
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Figure 1-1° —

* ' 3
The Tissue Air Ratio of two doses. One dose 1s
- to a small volume of tissue located at point P

in an all water medium. The other dose is to .the .
- same volume located in air.

. .
v



1722 '-Primaf'y Tiééue Alr Ratlo

Nt

VVVWVd}A useful quantity derived from tissue alr ratios 1s the

_ze“v:area TAR, This represents the- primary component of the

Aradiation field since‘it refers to a narrow pencil beam\('

w

sufficiently wide to achieve lateral electronic equilibrium :
:‘) 'This. quantity is determined through a’ semi—empirical
i ppﬁbach. Tissue air ratios are measured for decreasing beam
’ uSizes and are-then extrapolated to give the TAR for’ a\beam'pJ

of "zero" radius." E _-“,. R - P SR

" 1.7.3 Scatter' Alr Ratio ( SAR) .. -

TN

A tissue air ratio’can be considered to be composed of_
‘two separate and independent parts. One component represents.
_the dose due to the primary photon radiation of the beam and
- 1s the zero-area tissue air ratio Just defined The other
component describes the scattered photon radiation and is .

'called the Scatter Alr Ratio (. SAR )

fTAR(d;r")‘: T_AR(d,O) + SAR(d,r,") L (12)
e o ; L . ;.\" , _,{ T‘»—. e

Scatter air ratios cannot easily be measured directly but,f

~can easily be calculated by a subtraction method

. s

R C =_'7'TAR‘<¢,r> Smgao L (1)

¢

12

S

s



tSince'the SAR 1is derived from a Tissue . Alr Ratip, it has

- similar functional dependence on depth fleld size, ‘and

\)\

- energy., The scatter air ratio is a very useful quantity when'

.dealing exclusively with soatﬁég%d radiation. "Graphs ofﬁ

TAR's and SAR's will be presented in Section 4, 3 2.

S L g8
. 1.8 Dose in a Heterogeneous Medium' &

1.8.1 The Problem .

The real problem 1is toucalcnlate the radié%idn dose at
any point withinl,anb inhomogeneops 37dimensiona1f pati-it,
irradiated with _an external photon beam, In principle “hi=

is a simple problem since the photon interactions are well

known, but 1in praétioe .1t ‘is faotually' a very complex. -

' ’ °

»situation.which may never be solved_in’closed;ana%ytic'formf

because of - multiple COmpetitive interactionsQ However, -

approximate' numerical solutions have been developed;

iincluding the  varlous ratios of Equivalent TAR's methods,

%

1nvest1gated in this . thesis.

1.8.2 The Seml-Empirical Approach
»

Most methods of dose calculation rely on a semi—

w--empirical approach Most of the data used to calculate

- ‘radiation doses to patients _is; based on measurements.

" collected in water phantoms ( e.g. TAR values ‘).' The

v
L} .
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!
radlation dose is measured in these phantons as a function
of several variables such as depth of measurement beam _f
radius,~and energy of the incidentbbeam. These data are‘then

-arranged in - tables that ° can be "looked up" by the.

computationai algorithms By using these data, very accurate

dose predictions can be made for regions that have near

Y . .

-~

'water density. L g ,

Most dose elgorithms yleld an. Inhomogeneity Correction
Factor‘( ICF ). This correction factor 1s a ratio-of doses,
and we have seen that doses are related ‘to - Tissue Alr

Ratios. Thus mosy correctlon factors can be tonsidered as

some type of ratlo of TAR's!~Many of the dose &lgopit wuse‘\\x-

this fact and mpdify the TAR'sS in some way to g{ve a more

Aaccunate dose'prediction.in‘a heterogeneous’medium.fs

L

~

1.8.3 Inhomogenelty Correction Factor ( ICF ).

‘

e

The inhomogeneity correction factor connects the dose
distribution between ‘a homogeneous (- all water ) medium to
) 'the dose in the inhomogeneous medium ( Figure 1- 2 ) The

v Vcorrection factor is. a simple ratio -of these two doses., ’

L . Dose 1n inhomogeneocus medium .
CICF(X,Y,Z) = ==m=—mmmmmmmm e e - (1-4)
: - .Dose 1n homogeneous medium C :

» Each correction factor 1s for a single point of calculation

' at;(X,Y,Z) and has. - to be recalculated for erery point that

N . N,



1s 1rradiated within the medium in order to yleld a complete
% : ) :

dose distribution.

-

The reason for 1linking to the dose in an all-water

‘medlum is - that the radidtion‘data base upoh which’ most

geneous water medfum. Furthermore the dose distribution

in water ‘1s a good first order representation,of the actual

dose disgfibution, “slnce most tissues ‘are .Water-like'Ain

A

denslty, with thevnotab}e excéptions of lung and:bohe,

1.8.4 The Batho Method g
T

—. Co ) »

N

The Batho method [1] [15] uses én equnential power law
of the TAR's in an attempt to correct for both primary and
sdattered radiation.' It takes Into accduht the "thickness as

well as the proximity of the inhomogencity. 9.

)

" Within' the inhomogeneity, the correction factor is given by:

e

ICF = [ TAR(d2,r) JE" “ ” . - " (1-5 )

&
) v

- Beyond the inhomoéeneity, a different form 1s used:

ICF = [ TAR(d2,r) / TARGAL,r) 3§°1 T(1-6)

-

Ry

where, *
. . - K
E The’electroﬁ‘density of the 1dhdmogene1t}~

relative to water.

ods of dése calculation are based 1s measured 1in a

15



A | ' &
a1 A‘Distance from calculation point to bottom \
‘ of inhomogeneity.
. d2‘ Distanpe from‘calculation point to top
of inhomogeheity "_ . o ‘;

"
°
. v / ,

The above'factors are for a single 1ayered inhomogeneity but

they can be compounded to take ‘into account multiple layered

inhomogeneities.v o . . B
. - 4 : -7 4 - . . L

-

. This me‘Bhod 1s Limi ted in that 1t assumes that For each'

.

P

beam ray, the inhomogeneity is momentarily flat topped and

4s - as wlde as the beam. Thus it does not accurately aecount'

for the lateral size and shape of the inhomogeneity The

method also* assumes that backscatter does not contribute

significantly to the dose.

1.8.5 Pixel Based Al‘ 1thms
; .. .
a. &

~ With ‘the advent of CT scans a number of pixel based
algorithms have been developed to calculate the radiation

dose within a patient. These algorithms make use of the

*1nhomogene1ty density information contained within each B

pixel of the CT scan. These algorithms tend to be

N

'numerically complex and require considerable computer

resources. “ T -

16
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The Iwhomogenelty Correct1on Factor (ICF)

connects the dese between a homogeneous water

medyum and the dose in an 1nnpmogeneous_med1umx
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T;8.6 imple Ratio of Tissue Alr Ratlos , ' Lo

|' ). »

i

«~ This is one of the simplest of the inhomogeneity

' correotions. Only the path travelled by the primary photon
is examined and the depth of the calculation point used 1in
the tissue air ratio 1s a radiological depth instead of the
<:j)nonnal geometric depth -The radiological depth can be
considered to be an equivalent,water depth and is equal to
the line Integral of .the relative electron densities along
the path(traveled by the'pnimaryiphoton. Thus the conrection'

factor is a ratlo of two tissue ain ratlos [Uj}
ICF = TAR(d',r) / TAR(d4,r) ' o (1-7)

d' The radiological depth.
d  The geometric depth.

--The beam radius.

v This method is very well suited to pixel based
calculations because: the good resolution of the image allows
for a rapld and accurate calculation of the radliologlcal

’ depth.by simple pixel value sumation along the‘beam'rays.

This form of correction 1s usuaily called a primary

. correction because it properly accounts For the change in

the primary component of the radiation. However, this method

incompletely corrects for the scatter component of the

/ B - \\ i
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AN ! [

radiation because. the mgthod does . not sense 'the‘ three

dimensional density n?ighborhood .around the calculation
- %, \W‘“’%{;‘ SRR
point. “A complete explanationy of this method and 1ts

A )

1imitations will be discussed 1n Chapter 2.

! ! o " ) “ RS -

o

1.8.7 Equivalent Tissue Alr Ratlo Method &’A
t , -

5,

.

This method developed by Sontag [125%[13] [16] uses . the .

premise that for’ each point in a heterogeneous medium there

R ~

exists an equivalent water environment. This premise'assumes

that Compton inieractions dominate, and ‘that electroniq

equilibrium 1s present.

In determining this equivalent water environment:

certain parameters must be density—scaled The depth of the

calculat on point is scaled as in the ratio of TAR' s method

( e, the radiologica& depth 1s used instead of the

geometric depth ) However the beam radius is also scaled 1n

an attempt to account, for ther’—aat red radlation by

-

considering an equivalent field size. This glves an_

inhomogeneity correction factor of the following form

N L
ICF(x,y,z) TAR(QEQ,rEQ) / TAR(d, r) " (1-8)

[

dFQ The radiological depth.

rBQ The Scaled -beam radius.

19
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.This method attempts to sense the three dimeqsional .

neighborhood around each point’of calculation. This is done
A4 [ ' N

N A . * l . [} v
by using multiple CT sllice# as a three dimensional mddel of
-~ . ,

the patient. | . ’ ‘ 0

This method ‘has many advantages. Among them 1is the fapt
that thege ;a impnoved agreenent with experimental data when

compared with- simpler methods. Another'advantage 1s the use

_of three dimensional matrix ' ‘data 1insgead of -a two

dimenéional vectdral description of. a patient. Also this

method 1s cuEPEntly commercially avallable on many treatment

-,

planning syetems used.clinically.
1

3 ’ ¢

There are also a number of disadvantages, among them .
beiné the numerous physical and computational-assumpﬂﬁons;

: many of which initially appear to be ill founded. These’

AY

massumptions as well as a complete explanation of the method

. owill be‘presentéd in Chapters 3 and b,

B
e N £
e f
- ’

5

.1.8.8 Delta Volume Method -
N LI

"This method developed..by wong [19] uses. the premise

' <
that the/ majortty of the dose 1s due to the''primary

¢
radiation, the first scatter component and an identifiable
portion of the seqpnd scatter component. The dose a? the

calculation point 1is given by,

A
D

DOSE(x,y,z) = DO + D1 + DM ° C ( 1-9 )

N

20,
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” DO Dose due to primary radlation.
* l " . D1 Dose due to first scattered radlation and
‘11Eated second scattered radiation.

DM  Dose due to the multiple scatter component of
\ ﬁ : the radiationt . - . C,

[ ' \ ¥

- scatter component is small, and can be estimated from
* empirical data. The method “takes into account i¢the flrst

scatter and A& portion of the second scattered radlation .(

limitéd‘to a 45 degree forward 'scattering cone ) and ray“

_ traces .the path of these scattered photons. It assu@gs that
. the energy of second scattered photons reachh;; the

'calculation polnt 1is-the same as that'of the first soattered

. . photona.

£ e
requires very pracise measurements of low level radiation.

N , -/ . "
s tracing" computational burden. Because three dimensional
volumes are used, an extremely large., number of ‘ray traces
must be done, and even with‘mbdern computer technology the

time Pequired by this algorithm is still excessfe.

Py . ‘ LY

' ’ -
The method thus relles on the knowledge that the multiple

\ This method does have a number of drawbacks. The use of

an empirical data base - fofﬁthe multiple scatter ‘component .

* . However, the maJor problem . of this - method is the "pay

21



1.8.9 Convolution | : ) ﬂu
,‘ﬁ' ‘
. ‘;his method uses the concept of dose’ spread functions
‘{8] [10]. The dose spread function mepresents the dose

deposited in different volumes -( voxels ) surrounding a

R
3

P

single voxel Wln which photons interact. These kernals are
then spatially oonvolved m}th the KERMA )to produce a qose
‘dis ibutiom. This is an élegant solution -and an easy task
: omogeneous medium. However,-if heterogeneiﬁies are
1n§roduced the complexitx fﬁ&reaaes and approximations are
‘ne;essary.\One way of dealing with- these Inhomogenelties 1s
b \f .~ to distort the dose’ spredd arrays prior to %eonvolution .
| Presently there 1s much research being carrieé out on tmis
subject. h .. |
- . _ - LA 4
This method ie,based on sound methematical principles
and accounts for non-local ¢ energy depositiom fromcharged
pamticles ( t.e. elecsronic oisequilibrium ) Rather thant
using a database of measured data, it uses Monte~Carlo
techniques to generaté”dose spread kernals., This method 1s |
also an opoortunity for a‘ unified (gheory of dose
. alculations for whicﬁ the KERMA-step -1is Dby ged This
ans a single algoritif® could be developed for photon

radiation as well as. particle radiatiol

'. e
. - ) i Too¢
- 02 =
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Of the methods. discussed 80 far, the Delta-Vqume and

lution methods show the greatest promise, “hut they

(o ‘
1.8.10 Monte-Carlo | E

B

This “1s the ultimate of dose calculation algorithms,

taking into account coupled photon and charged- particle

'transport.'This method does not use any empirically measured

data ( except for the incident beam spectrum ) but generates
7

1ts own data through repetitive calculations based “on

. . R s .. . .
interaction probabilities of individual photon and electror. ®

' events.

Indivigual phoﬁons ana charged particles are'ﬂpllowedt
as they travel through the mediunL - 'To achleve a
statietically reliable dose result, milliens of different
photon_histories have to pe caldulated, which identlifies th;L/\ﬁ
major drawbaek of this method. The ameunt of computer time
used becomes énormous: ( 1.e. days¥)’ ang' thus this method not
_practical for clinical us#’ -

oty .

1.9 Why Study the Equivalent TAR Method
. , .:'

There ére many areas in the field of dose calculation
that could be studied. The Delta~Volume and Convolution

approaches are actively being developed but 1t will be quite

23"



.
.
. .
L
.

gsome time before these methods are of praoéical and
commercial use. The Equivalent Tissue Air Ratio method Is
one method which has .been implemented commercially, but
with limited research into\tne actual physics underlying tne
method and the many,_ softwyare "short cuts". oAs mentioned
earlier there are numerous assumptlons applied in order to
achieve' practical . calculation times. ome of these
.‘ assumptions are valid while 'othera hdve been poorly
justified and require further study. ‘Despite all. the
assumptions, this method éenerally gives accurate dose
results and 1s currently the commercial standard to which ~
other methods are compared Ft is for theie reasons that

the equivalent tissue air‘ratib method was chosen for study
in this work. . oo ,

? ' , e ’ 5
In the following chapters the ratie of TAR's and the =
Equivalent TAR methods will be descrived in detalll The

“ratio of TAR's. 1s described completelyq&n Chapter 2. Ip is

included for completene;s because 1t 1s the starting point
for éhe Equivalent TAR method. The Equivalent Tissue Air’
Ratio method will be explained in considerable detail in -
Chapter 3, followed by an extensive discussion 1n Chapter b,

‘. Most of the assumopions will be k\h}ighlighted and their

iﬁblications discussed in detall. ™



2. The Simple Ratio of Tissue Air Ratios Method
%

2,1 Introduction ‘ | ’ '

The ratio of TAR's method 1s' one of the“simplest pixel-
based 1nhanogéhe1ty{ correctlon algorithms F?r caleulating
the Fadiaﬁion dose distribution within a patdent [4]. This
method ufes the plxels from an’ x-ray CT scan to deflne

inhomogenelty in terms of tissue denslty within different

 slices of the patient. Tne;method described in this chapter

was 1mp1emented into tbe.Alberta Treatment Planning ( ATP')
system where 1t was tg;ted and made optlionally avallable

for treatment planning in January 1986,

H

u . .
Tests done on this method 1ncluded a comparison of;

‘computer calculated /valugs to hand calculatee//éalues for

Simple heterogeneous phantoms, chomparisoﬁ jfé also made to
“ - ¢

experimental data from this laboratory [9].

-/
2.2 Explanation of The'Method

The Ratio of TAR's considers the equivalent water or

=

radiological depth of points in a radiation’ fleld. As

mentioned in,/ the previous‘chapter the radlation dose "at any

point is composed of two”éeparate: components, the primary

“» dose and the §cattered dose. The Ratio of TAR's 1s only

concerned with the'primary compénent of radiation. This 7}’

A
\

»
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" method examines only-the."ray" path.travelled‘by the primary

\

Tphotons. The effective radiological depths along these paths

~ ot
, are calculated and are used in the Tissue Air Ratio 8

¢

“replacing the normal  geometric depths.‘ The Padiological.'

depth is the line 1ntegral or ray sum of the relative

(;

electron densities along the path travelled by the primary'
*.zphotons ( Figure 2—1 ) ‘Since the»actual electron densities~‘

 are nonnal&zed to the electron density Tof water, this

ﬁediologigpl depth can be considered to be an equivalent

o water depth T

' ( 2-1)

"
=
E
-

L Path trevelled'by.the-prbnary‘photons.

. E EleCtron density relative to that of water.*

e
s

\ B

~The iInhomogenelty Ccrrection;Factor is:

. TAR(4', r)

"ICF'=

T TAR(d oy ) . . g
where, o )
q vRadiologicsl'depth of.calculaticnypoint;rb"‘
.' di’f Geometric depth of calculation point. o

-r Beam rﬁdius at the calculaticn po ,t

'xb . oy
The small size of the gﬁxels ¢ typically 0.

the CT image allows simple pixel value sumnation to be used

to calculate. the radiological depth accurately Each pixel

\4 ":’.‘ ' ST T e

26"
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Source - .

-

. Figure 2-1

{”-91X81 summatlon along - may . path to g1ve an
“effective radiological depthy This effective

‘water depth is used in place of the geometr1C~é ~

"depth in the Tissue Air Ratio. . o
S :(i,' B
.y
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icorrection.

_scatter componentg an

within. the CT image is directly relateable to the relative

electron density of the volume 1t repnesents';n the patient
. ' : y

L]
L2

.y,

O?ﬁf the radiological depth geometric‘depth and beam

radius are calculated the algorithm then nedﬁs to calculate

‘the TAR values for the “two different depths. This is

aceomplished through the use. of a 1ookup.‘table of TAR"
.o . . @ E

.values, and 1linear interpolation between the values in the

5
. E

table. |

i
1

-
.

These TAR values are obtained f'rom experimental data
previously gathered 1in water phantoms ( The data are stored,

as a function of, beam radius, depth, and 1pcident energy )

"Since these data are for an all water phantom, 1t makes ¢

sense to use equivalent ;water depths 1in-e the calculation

- algorithm. Because of “this, 'The -Ratio -of TAR's method

. properly accounts for the changes 1n the prinary component, :

of the radiation but doeSnnot,vproperly:account for: the

%,

scattered radiation. Thus 1t is loosely called a- pr'imar-%5

[

\
»

If the scaled TAR split up intd 1ts Y imary and
umer

& assumptions are br'ought to
. S , @
light. - - N

<

2

-
% . C
F oo

\\.

TAR(d' r) = TAR(d' 0) + SAR(dt,r)_ ‘ - (2-3)

28
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_If the scatter term is examired 1t is seen thit the scatter
( scatter ~along the beamvdirection‘ ) is'assumed ﬁo'change"a

with depth only The géometric field size 1s not adJusted at

all changes 1in the lateral scatter are ignored oo 5

1

‘2.3 Experimental Results ' .

v
]

The experimental setup used to test the Ratio of TAR's

method is shown in(fFigure 2-2. . The phantom consists of

' layered polystyrene and\\cork with ° he source tQ probe

distance ( SPD ) held constant at 100 cm. for 6-MV and 15 MV
X-rays and 80 em.: for Cobalt#60 radiation. The distance

from the entrance side of the cork to the probe (a ),*was

varied to give bhe I1lusion th¥t ‘the cork inhomogeneity = +°
. "floats" upward through the phantom past ,the ‘probe. The

probe to surface distance ( d ) was held constant at 15.5

. ) . y \
cm. The physical densities of the cork and tyrene were
0.30 g/cm and 1. 02 g/ch ?espeotively, as determined from
' ' . ﬁ,M
CT scans [9]. : N N - o
B ‘ . O ‘ \ - v,

3

This arrangement was used in tests for three different

beam energies, 6 MV x-rays, - 15 MV x-rays, and Cobalt

radiation. Along with the beam energy,- the field size was

also varied‘<95x5 em?. and 10x10 em? fields: were used. A

. comparison of calculated data with measured experimental

 data'‘ean be seen in Figures 2-3, 2- M and 2v5

29
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- The first observation ts that the’Ratlo of TAR's tethod

13

‘produces a plateau in’ tze/Inhomogeneity Correction Factor's
for values of ( a) greater than 8 cm. This observation is
easily expla.ined Once the entir'e inhomogeneity ( cor‘k slab

) if above the calculation point ( P ), the primary photons

)
be attenuated* by a. constant radiological

will always
thickness above _the celculaﬁuon_ point, The material below
the calculation ‘point ¢ 1.e. backscettening 5)is ignored by
the calculgtion elgorithm because‘ the methoc‘only iooks at

the primary photon path from-the source to the calculation

. A 9

point. . N ‘

.

The second observation 1s that the Ratio of TAR's
method consistentlj overpredicts the experimental vq}ues.
- The method * does not properly account for the scatter

*
component of the radiatign. The geneval reduction in scatter

" caused by reﬁiacing a slab. of .water by a slab af cork 1s

taken into

account improperly bys $imply varyiné the

effective depth.

oy

As the inhomogeneity 1s moved far above the calculation

'_ the experimentally. obtained values.

primary'attenuation‘is‘the dominant component of ‘the dose in’

. . . . ) -\
As the inﬁomogeneity “moves closer to the
: )
calculation point the scatter component becomes increasingly

(this region.

™~
- .

point, the: Ratio,of TAR's calculations closely approaches.

Thts 1s because the

34
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T important and the ‘Ratio of TAR's fails to~ accuratelyt

‘calculate the Inhomogeneitx ‘Correction Factar.

+

1
v

‘There 1s a peculiar fect for lﬁiMV x-rays ( Figure 2-

v
5 ) when the dose within thé cork islreduced becaJSe of - the
1ower density and reduced field size. This 1s attributed to
electronic disequilibrium and 1is discussed in Section 4.3.3.
' E N b -,

L 2 Lo | C e

2.4 Advantages of This Method , 1

CA
- ‘u
n

. very quiekly using minimal computer time ( Typlcally 15 to

N
'

o

o

¢ fﬁ - S
“The Retio of TAR's method of Yose calcul;tion offers
many aduentages. It i1s numerically very simple which mekes
1t .easy to ?ndemstand and define 1ts limitations. It is also

very easily adaptable t& CT scan data. A byproduct of “this

.nume;icalvsimplieity is that this algorithm csn'be executed

.60 seconds per beam on 4 VAX 11/780 processor ).
N ‘ i'\ .

'As mentioned earlier, this is a pixel-based algorithm

whicuiéses’YCT images as 1ts data base. The good resolution

of 't he’ images\allows even the. smallest of inhomogenelties

_ within the patient to be detected during caletlation. The

ol

calqplation algorithm uses thig good resolution to sense all

of the small inhpmogeneities. Indeed, manual contouring of

bulk inhomogeneities is‘rendered obsolete 'by ‘thls pixel

" based methodology,?resulting in some time savings.

~



(X

‘ .. . 36
8 method 1s that it corrects for the

« ', The strength of '§
primary component of the radiation, which in may reéioné 1s
the dominant component of the total dose ( Secnicn 4.3.2 ).

N VIt 18 for thls reason that this methcd is a reasonable

e | N
starting point for tge Equivalent TAR method . 2

‘2.5 Disadvantages of This Method , . )
N i N - 4 : . \
-/ ' : .

A comparison of calculated fnhomcgeneity correctlion

. ¥
factors with experimental ones, showed that \the Ratlo of
T’ ' ,

TAR's method gave consistently higher values 'within the

j ‘cork, by as much as 15% for the simple slab geometries
tested, Under such circumstances thlis difference Ys too
large to make thedpethod reliaple for clinical use. .

. ¥ _ ) .

For these reasons = a more accurate method of dose

calculation Ec needed. Sinee- this method does properly

@

account for the primary component, it will be used as the
basis for a more advanced method called the Equivalent TAK B
methoq which "tops up" this approach withg!h sc;tter

g , correction. This newer method 1s the %opic of ,the remainder

of this tg;sis. .



*K image ifformation from the entire {rradiated volume ). For -

\i

3. The Eguibalent Tissue Alr Ratlo Method

”This chapter introduces the Fquivalent Tissue Alr Ratio

Method. This will be a general explana%ion of the method in
which the major assumptions wlll be highlighted. Chapter b
will examine some of these assumptions 1in more detall, and

asses their implications. '

—_ * 2 i -

3.1 Introduction

g ] , -

[ v ‘... /s
Due to the 1Raccuracies of many dose ! calculation

algorithms, a new algorithm was developed by Sontag [12]

: : N .
(13] [f%} called the Equivalent Tissue Alr Ratio method

which also takes advantage of density information contained

in digital images ( eg. x-ray OT ). This.method uses the

»

‘Ratlo of TAR's as a starting poin.t< but ataempts to correct

for the scatter component of _ the dose. This 1s

'accomplished by scaling both the depth and the beam radius

]

1n the numerator of the Inhunogeneity Correction Factor.

-

& :
o The Ratlo of TAR's 1s a one dimenslonal method ( 1e. It

{

~only uses 1mage information along a ray from the radlation

source to the calculation point ). The Equivalent Tissuetdir:

Ratio method ‘is a three dimensional algorithm ( ie. It uses

the quivalent~ TAR method, numerous slices ( preferably

A} . . ) N v

"




4

i

. ‘ A
adjacent ) can be used to provide a three dimensional
. q

description of thé patient ( Figure 3-1 ). .
. * R °
' _

3.2 Q'Connorfe Theorem

"

The fRdamental hypothesis of the Equivalerst\'\rm Mthod

s that O'Comnor's Theorem [11] can be applied &o a

heterogeneous medium, O'Comnhor's Theorem “1s based on a
-~ \

relationship between th \ ses of two homogeneous medla of

diffefent densities. The theorem states that the dose at a

point in a hombgeneous medium of r’r-elatiyé electron density {

E ) can be considered equivalent to that in a homogeneous

-

water medium ( E = 1.0 ), provided all the linear dimenslons

of Sthe non-water med:ium are scaled by the factor of ( E-).

-

%
This can be seen in Flgure 3-2.

s
-

a' =Ea , b'=Eb ( 3-la )

/’ *
d'=EAd r'=Er . (3-1b)
ar. =83dav ( 3-1c )

. This density scaling allows the Tissue Alr Ratlo, Primary

Tissue Alr Ratlio, and Scatter Alr Ratlos to be rewritten in
the following form for a homogeneéus medium. |

-

TAR(G",:‘)E TAR(Ed,E;')VV= TAR(d',r'),, Total ( 3-2a )

'TAR(d,0)g = TAR(E4,0),, = TAR(d',0),,  Primary( 3-2b )

T SAR(d,r)g = SAR(EQ,Er),, = SAR(d',r'),, ~Scatter( 3-2c )

vi4

o
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'._FIQUPE 3- 2;‘-_'{ ,?o - f?%

0’ Connor S- Theooem A homogeneous media W1th
arbitrary relative electron den51ty~ca@§oe
considered equivalent to & water media, provideg .
all linear dimensions are scaled pooperly The
dose at P is *the same. ‘in both Case:

Coy
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The subscripts v( W) and‘ ( ﬁ ) refer to water:medium and . e
, noniwater medium respectively. Frem ‘tﬁdsv\pOIht om, ;an‘ml -,’\. fi‘d-fi
unsubsripted TAR or SAR refers hnplicitly to a water medium. ‘
Tﬁere‘ are a ndmber ef underlytnél assgmbtfens ih\ﬂ_" | ;
& O'Cohnorfs Theorem. : ¥ LR ;‘ﬁit
. N D . S o

Assumption 1: Compton interaction dominate.

et It 1s _assumed that Compton 1nteractiodsu are the only ones
that occur between the photons and the medium, o -

Q R . o w o . Y

Assumptien‘E- Primary and single scatter dominate. .o

It'is also assumed that primary and single scatter account;

i for the majority of the dose. O'Connor s Theorem can be:

| i "

% proven analytically for gge primary and first scattered

' r.jZ;tons. Thev multiple ‘scatter "component 1s assumed to act’

1larly, but this is not easy to prove analytically.
; o : Lo . _ :

‘jAssumﬁtion 3: Electronic equilibrium.

,assumed that electronic equilibrium ( Section 1.6

S et




: , 3.3 The 'Inhomogeneity Correction Fackor - | - g“' :

For a heterogeneous environment 0! Connor! 8 Theorem

must be slightly modif‘ied."' The modified for'm states that, f‘er'"

ever'y point within a/heter'ogeneous medium ther'e also exlsts
§ S =~ an equivalent homogeneous water' medium. Because the medium
\_\ is netelj'ogeneOus an " av_er'age " pelative electron density

must be used to scale the linear dimensions.

d' =EDd o ( 3-3a°)
r' =ERr : “(3-3b)
. . o ‘
. wher-e, | . .
ED The dverage relative electron Qensity along
. o. the' pr'imar'y r'aiiﬁto _t;he éalculationpoint.

ER An average relative electron density in the

o . - - ] - 4

3-D volume surrounding the calculation point.
The Eq&X:ient Tissue Alr Ratio method’*uses these density-
. scaled quentitles m the numerator' Tissue Air Ratio of the -

Inhomogeneit& Cor'r'ection *Factor.

. [

oy
- amR@ ) Q:AR(wﬁO) + SAR<d' e
ICE gty = - AR
V@ hRa,) | TRG,r) |

= » Lo . s <
e - . - 4 . .

v“"}%’ , ';\ : o 'L‘n, | S . .t . v . co e ’
'IQe latter i‘om of the correction factor uncovérs further o

N

“assumptions. - i S Sy ' <
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- Assurpbion I: Seatter at the ‘Primary Depth.

The same scaled depth is used in both the primary as well as :
the scatter'ed components of‘ the Tissue Alr Ratilo. This
assumes that the scatter scatter along the beam direction

) changes only longitudinally with depth ‘as-was the gase

‘ with the si.mple Ratio of TAR's. The geometric fleld slze 1is

replaced by a scaled: quant’ity' in order to correct for .« -

11’(

‘ﬁpm at a wrong depth. ’ .y

A IS o

1ater'a1 scatter', bﬁt.

3.4 The Scaled Depth

The equivalent water depth ( radiological depth )

should be used for -( d' ) in the primary term, TAR(d',0), .

-

of the correction factor, as-was the case with the simpler o *

Ratio of vTAR"s Method ‘( Section 2-2 ).

S a'= ‘pr(L) a

as ¢

© o (35)

'COntrioution-fr'om\ each

3.5 The Scaled Radius I ‘

.

‘The remalnder of the problem is to"derive a sultable -

scaling:f‘aétér- Af‘or*_ the beam radius ( ER ). This p'r,‘ocedur'e is

A

much more complicated than = that of  determining tne'
equivalent primary depth, since 1t must take into account
the scattering in three dimensions. In a heter'ogeneous three

dimensional medium, the rela"ive importance of the scatter .

xel must also be considerg. Tﬁis



o : ’ .
' by
can be accomplished by assigningé weighting factor' to each ,

volume element of* the medium. The: 5éaling f‘actor- can thus be.
considered as a welghted ~average of the relative electron -

densitles In the neighber'hood, of the calculation point.

n 2L E(1,3,K) W(1,3,K) )
ST WLLK,

( 3-6 )

‘where,

, : _ N ‘

E(1,3,k) The jrelative electron densiby .of volume
element (1, J k)

: . ’ W(i,3,k) The weighting f'actor' of vqume element

- o R
: N | (.i:J :k) . ' BN
N ‘ In order to scalé the radius, the weighting factor for
each volume element vfi;thiri’"‘“" the inradiated medlum must be
"known. The. relative iny)or'tance to the total scatter' of each o

Ty
volume element is dependent on a number' of conditions ( e.g.

@

the ener'gy of the ir'r'ei’diation, a.nd the r'elative position of
p
the scattering volume ) Because of this, a dif‘f‘er'ent set of Jg?

. welghting factors must be found for ever'y calculation point,
requiring considerable computation time.

L

_3,6 AWeighting Factors
There are two different approaches that-can be used to °
; eetabli'sh the - welghting faectors. The first approach 1s
experimental ( Wong tand.AndreW»[a]«..), The process involves

ot irradiating ring sh;eped;: concentric "eir*" volds submerged in



a water. pnantom. A differential'comﬁarison of doses at a

polnt along the central axis, in the presence and absence of

e

the voild . ring,’ ¥1elds , 1nformation about the scatter

contribution from the . "air" volume 1in question. . These

measurements'are very difficult to ' make since the: dose
differences are so Small ( typically less than O 1% ). The
experimental results yield a sat of weighting functions

Y
which are limited to an all water medium,

The ‘second method  for the detennination of similar i

" welghting factors 1s -thrcugh. the analytic, calculation of
differential Scatter, Air ‘Ratlo ( dSAR ) values. " The
differential,Scatter 'Air-Ratio. can be considered as the

'amount of - scatter attributed to-a small water element. of

volume dv. Exact values of dSAR's cannot be calculated in a

heterogeneous medlum  because of the «miltiple \scatter
complexity, although cale¥ation of primary, first scatter,

and second scatter have been performed .[20]. Thus,

approximate dSA%/Agalues for an all water medium are used.ink

determining the weighting factors. !

5 ’ . ’ % .
In either the experimental or ‘alculated approagh, the

welghts cannot be easily determined for a heterogenecus
medium. Indeed if they could be, that would be _\a solution to

- -t #
the inhomogenelty problem in itself,

LY
b

8 uS
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Asswngtion 5: Weights for Water' Medium.

Weights appr'opr'iate to [an all water medium are assumed f‘or'
each voxel in a heterogeneous medium. The dif‘Per'ent
"scattering power'" of each’ voxel 1s accounted for only
through its density.l There 1s no correction for at'tenuati_cn
- to and fr'om the . voxel through a heterogeneous mediu_m. The
variance in photon "attendations. along the scattered photon
paths, to the .calculation point ( paths a and b 1n Figure ‘3”-
2or 3:3 ) are ignored. The welghts are calculated only on

"the basis of the geometric distances of the scattering
© volumes from the dose ca‘lvcul'ation point. ‘

.

3.7 Determining the Weighting Factors

Abpr‘o‘xir‘rate dSAR values for an all water medium are

determined by splitting the scatter contribution into two

separate components. One component 1s concerned with the

first scattered photons while the second component involves

v multiply scattered photons. The sum of these two components

gives the weigiuting' factor. -

WL, 3,k) = GSARL(1,3,k) + aSgRM(L,3,k) (3-7)

46



Figure 3-3

The-scattering volume 'dV must scatter photons
& through an angle  in order to-contribute to the
- dose at point P. The paths a-and b.are assumed
to, be through water, and the scattering volume
15.-als0 assumed to be water:

&
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3.7.1 The Flrst Scatter‘Cohponent L
The first scatter contribution can be calculated “ o @

analytically by considering Figure 3-3, where,

Al v

¢ . The photon fluence 1ncident on the
| medium [ photons/cm? ], ' —_
TAR(a,0) Zero area TAR at depth ( a ).

'SSD Source to surface distance [ cm ].

EY
AN

Thewfluence reaching the scattering volume dV is given by,
TAR(&,0) [SSD/(SSD+a)1? ¢ N (3-8)

where beam divergence and primary attenuation are
éonsidered. The Implicit assumption here 1is. that the medium

" above the scattering volume is water ( Assumption 5 ). ' S

‘The probdbi;ity of a scattered photon from dV -reaching

the calculation point, P, 1is,

exp(-iuwb) nw dV do (3-9) : ’
bz de . -

“ :
where, - _ _ , -

dg  Nishina scattering probablility
[ probability/electron/solid angle 1.
N Electron density for water [ electrons/cm® ]

1/b? Solid angle..



! | S
) |

i 1
' ilw The linear attenuation coefficient in water

\ . .
for the scattered photon energy [ cm ],

\ / - -

This equatian takes 1Into acceuntv the Compton scatter

probability only ( Assumption 1 ), divergenee from the
' . ‘) N

scatteqing’point, and attenuation along the scatter paths.,

Again the 1implicit assumption 1s that the scatter path 1is

occupied by water only ( Assumption 5 ).
‘ - )

LR
a

Thus the first scattered photon fluence reaching the
calculation point is,

';
B T

TAR(a gf)[ssm/(sema)lz 2 exp( -2uwb) ne 4V dcr( 3-10 )
; g

Now, this fluence must be related to the absorbed dose at

the destination pointy P.

Dose = %a 2Uw 1Ban / € ( 3-11")
where, |
1Eas  Average energy absorbed per in’cer'ection
| at. the scattered photon energy
[-energy/iﬁteraction ].

e The physical density [ g/em3 J.

Thus the first scatter component of the weight ( dSARl ) is,
Bl ° * !
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" ‘ %0
, Y .

dsARy = TAR(a,0) (83D / (35D+a)]® { aiuw 1EBan /C Darn b
$ exp(-iuwb) ne &V do ( 3-12,) i
b2 da ‘

where:

Dain

. The dose 1n air [ energy/g ].
This equation ‘conta%ps the 1mplicit assumption of an all-
water medium 1in which all interactions in the scattering

volume océur via the Compton process only and \that
. R :

eleosporic equilibrium exists ( Assumptions 1 , 3 and 5 ).

© 3.7.2 The Multiple Scatter Component ..

s The equation used to calculate the first scatEer ‘
'component of the welghts can be suitably modified to
approximate,the multiple scatter component. Instead of using
the primaryﬁ fluence at the acattering volume, the gcattered -
fluence 1s used. This 1s accomplished by replacing he zero -
area TAR by the Scatter Alr Ratio. In the first scatter
component, it was assumed that the zero area TAR represents
»the primary- photons reachiné the .scatterlng ; volume.
Similarly the SAR represents the scathred-phocons reaching
the scattebing volume in queepion. The *Nishina crossq5ection
.is dlso replaced by. a fraction of the tctal'Compton crosé‘

LY

sectlon. The substitutlons are thus as follows:
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N v AY
TAR(a,0) > . BAR{a,r)
A\,
dg. LT
de _ in ) ' '
_ . , \
. _
Assumption 6: Multiple scatter 1is isotropic. . . Gty
The multiple scatter.component of the we\ights $ssumes that
. . ' ’ ' PN
multiple scatter within the medium is isotropic ( hence the 1‘3«::}* :
. 'y
Lc above). ‘4
All energy dependent components of the eqpation’ (
linéar' attenuation coef‘t‘icient', average energy absorbed ) °
use the average second scattered photon energy.:’I'hus the
multiple scatter component of the welght ( dSARM ) 1is
approximated by, - ;
- Y ]
; ) ) ‘
dSARm = SAR(a,r)(S5D/(SShta)T? & exp(-zuwb) dV,u 1, ‘
) . v b? 4n J
'Q/ =X f 2Uv; 28-:; / € Dair } ( 3-13)

Again in this equation the jllfwater essumption is imblici{: ‘
and all interactions in’the scattering volume are assumed to« *
<

:5 occur via the Compton process ( A_sswnpti,ons 1 and 5 ).
v

Tﬁu‘g the welghting facto,r';" are now determined, which( in - L0

-,

{ : ;
turn determines the scaled radius. We have a complete method
] for the calculation of dose in a heterogeneous mediurﬁ, if ‘ie/
. . - » A

assume "water wéighi:s" are a first order approximation of

the true welghts 1n a heterogeneous medlum. Before 1t can be



: QL

i N2 g - 52

applied to* any practical situations, a number of further

simplifications must be made in order to exploit the format -

‘of' CT scan data, accelerate the computational procedure, and

‘ "'.‘>
reduce memory storage requirements. ’ %

>

‘

3.8 The Separablility of the Weighting Function

. &y
\

Assumption 7: 'The, weighting function i{s separable.

" The first ~practical approximation of the welghting

functions, 1s to assume that they may be separated into two

independent multiplicative components. K : -

»

WLEK = WL WO S (3au)

where W(k) 1s the "slice weights" function and is assumed to

be independent of the x and y coordinates. This welght is

intended to represent the contribution, to, the scattef dose{Z

of.‘ the k'th slice. Thus f‘r'om equation 3- 6 the scaling f‘actomﬂ m

can be written as,

g 3 EDX E(1,4,k) Wk) W(1,])
C S E5 W W)Y
= E(L,9) W(L,J)
$< Wi

where, .
< E(1,3,k) W(k)

< W)

E(1,3) =




. b g LS .
; Y
9 .

’

. This sepgration results 1in og“-thpee dimensional volume °

. summation be "eollapsed" to" a two dimensional planar
»

sumation. +
Y

]

-

The W(k) welghts . are appiied to all voxels within g
particular sllce to produge a modified slice. All of the

modified slices are then projected into a single "effectiveﬁ

™

scattering plane". The net efféct‘of this coalescing 1s pé_

reduce the entlre {1rradiatefd volume into a single

heterogeneous 'slice with appropriate "scattering power" (

Figure 3-4.). v

e

N
3.9 Determining the Slice Weights .

The W(k) weights can be copsidered as the relative
1mporténce of thé k'th slicg to the total scaﬁteﬁéd dose, at
; the point of calculation. Ong method of detarmining the
.t - slice weights 1s through diffeqegiial Scatter Air Ratlos.

g\% . Consider the SAR of & fleld size which includes the K'th

slice. Frbﬁ this, subtract the SAR for a smaller fleld which

aﬁ; '1,‘ | excludes the k[tb slice. This quantity now gives the amount
of scatter originating within the entire k'th slice (

assumlng water is 1in the intervening space ).

Wik) = SAR(dREF,rLARaE) - SAR(dnzv'\, rsmacc) ( 3""17,)
. PE ; ‘

. 1 '
~This method of calculating the slice ghts~ 1mplicicly

assumes. a water medium and irivolves furthe plificatfons.

#
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"~The welghtlng funct1on aSIQﬂS 3 welght to eacn
,_.ssllce ‘The seperate slices are then coalesced to
form an effecti\e scattering plane, Whlch is
theﬂ_DOSJtIOﬂed # distance z- effectlve away fromf‘
the calculatzon plane |
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average of all possiblé. depths of int

IO
'Assumption 8: Arbitrary reference depth

Ityls assumed that the SAR values are being determined for

an all—water medium at an arbitrary reference’ depth. The

value used for the reference,depth, has - ¢ “be suitably

chosen so that the value of . the weigh will be an

slice. S S

'3.10 Scatter Slice Placement -

[

Now that the effectiVe-scattering slice has been

Judetennined' the question still‘ remains as to . where this
scattering slice should be located The’ relative position of
the scattering slice is called the " z-effective" value.'

'This position can be considered as - the most probablej

'_'position from which scatter originates. The - value of 2z~

effective 1s determined ‘as a- welghted average “of the

b

- gposition, over the entire irradlated volume. . .

-

I oz(k) W(yw o

. ‘ lZE:_Fp-;' = e Rt LS ’ ’ . ( 3_18 )

. This distance Is'the first moment of the weights function.

$

: ! _ S ‘ s ’
( It - 1s analogous to the mean lifetime 1n radloactive decay,

" or the centér of mass in.mechanics ).J

r—

4
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At this point another maJor assumption is made. It 1s

assumed that the. material * between Uﬂ?[yffective scattering'

slice . and - the calculation plane 18 compgsed of water ( This
‘18 Jjust another variant of Assumption 5 )i*

q
3. 11 Determiningfthe Weights Within the Scatter Slice -

/A

The effective scattering; slice has now been both
determin d and positioned The pixel scattering weights
w(i,Jd) iust now be calculated at each pixel. in the

. scattering slice. ’The previously derived weight equations (

Equations 3-12 and'3—13 ) are used to calculate these

,\ ‘ welghts. However rather’ than: calculating weights over the

' f entire irradiated volume, the procedure is now done only fdr" ’

each ‘pixel in the effective scattering slice ( a direct

~benefit of the coalescing procedure ).

*
., .

Assumption 9: gcatter Grid Stze.

. In calculating these weights a practical assumption is made.

. Theoretically, the resoluti n of the gﬁﬂ;tering slice could

~

be just as ?ine as in: ' the original image (. 256 X 256 ),

f&” ) However this would require' lengthy calculationv times. In
<. order to reduce the calculation time to an acceptable level
‘.the image is- "diluted“ by’ using a coarser scatter matrix or

' Frid This reduces the number of weights w(i J) which have

&

Vo be calculated

b '5"‘ e ' , i
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-t the calculation plane 1s determined,J’Thisvis done by‘;;f”\?{ﬁ

3.12 Sumary of the Practical Method

With all of these simplifying assumptions, 1t 1s
advantageous to 1ist a brief "recipe" of the practical

implementation.
The first ‘step, 1s to determine thefscaled depth. This

is the radiological.or eqnivalent water .depth and 1s done
: B . . . o 4 : .

for every calculation point,“ray by ray.

The next step 1s to determine. the effective scattering

_slice using the relative. electron ‘densities of each voxel |

and the welght of the slice irfwhich the voxel resides. This

produces. a heterogeneous slice 1n which' éach:pixel 18 an

’ average, along a perpendicular line into neighboring slices.

The scattering slice 1s a representation of -the average

7<inhomogene1ty over the entire irradiated volume. Once this

effective scattering slice 1s derived, 1ts position relative

.finding the "center.of §catter"\oﬂi the. weights function . o

Wik). The procedure of slice coalescingwand“p’éit oni

performed only once for each beain of radiation g/ie. enengy \ s fw
and field size dependant ). '{.f . ”‘i gh s f*\\qx

.Q, R Al

)

Next the scatter wel Af; W(i J) for each voxel within -

: the effective scattering plane, must be determined. From .

\ i RN )
. % i ._1 o . . . ";ﬁv’ . v ] . e A ,'
N . R B : R

T



these weights, the average density of the volume surrounding

. each calculation poiAE)is determined and the radius 1is

" assumptions.of the method should be- validated individually.

iiThis 1s the subJec; of Chapter b,

;\"" .. o ﬁw{}? 1

scaled., This process must be‘repeated for each pair of

'scattering and calculation polnts, and 1s the bulk of the

computational burden.

G
Finally it is a simple procedure to calculate the

Inhomogeneity Correction Factor'for each calculation point

as a ratlo of TAR's. It is evident that some_of the numerous

V

d

)
- ¥ ,
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M Results, Evaluation, and Critique

of the Equivalent Tissue Air Ratio Method o Y

4,1 Introduction

. This chapter contains a more detailed. evaluation and

analysis of the Fquivalent Tissue Alr Ratid Method. In this

. - Py

chapter a number of experimental results will be presented

Some of the major assumptions highlighted in Chapter 3 will

~

be investigated in detall to determine thelr valldity.

4.2 Experimental Observations

4,2.1 The Slab Phantom

" One of the phantoms used to test the,Eduivalent Tissue

Air Ratio Method.is the slab phantom [9] ( Figure 4-1)

Jalready described in Section .2.3. Experimentally this
’ phantom was used to. measure the Inhomogeneity Correction

Factors ‘along the central’ axis for three different beam

energies, Cobalt, 6-MV and 15—MV X-rays. The experimental

results are shown in Figures 4-2, 4-3, and 4-4, alohg with
- the predicted results from the simple Ratio of TAR’s and the

Equivalent TAR - methods. Some of these results were

previOusly discussed in Section 2.3 of Chapter 2.

- The graphs generally show ' that the Equivalent TAR

-method more closely predicts the experimentally observed

Qf’

B -isaxﬂiﬂiin; ;ej L
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_Inhomogenelty Correctlon Factors fGP Cobalt beam
energy- and field.sizes, 5x5, 10x10. Calculated =
[CF's are plotted for thewatio of TAR'S and
Fquivalent' TAR methods for comparison W1th ,

experzmentall‘ measured values
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values than . does the simpler Ratio of TAR's method within

_ the cork. The chief reason'for this better prediction is

" that the thivalent TAR method'attempts to correct for the

reduction In scatter originating in the cork slab.

,

For small beam slzes and high energles s\eg. 5x5 at 15-
MV ) ‘the Equivalent TAR falls to predict accurate

.Inhomogenelty Correction Factors. This 1s due to th fact

that Assumptidh 3 ( ‘Electronic’ Equilibrium .) becomes

/’7

invalid under these circumstahces.\

4.2.2 The Double Lung Phantom

‘This phantom more closely resembles tﬂé anatamy of the
mediastinum. It consists of two "lungs" embedded within a
unit density CK 1.00 g/cm 3.) material. The ldngs were
representéd by two cork~ blocks ( 10x7%(the iength of the
phantam) ch3‘-and dénsity 0.30 g/cm3 ). The cehtral axls of

thé phantom lies diredtly in between the two lungs which are
-~ , T

spaced 2.5 cm. apart - ( Figure 4-5 ). This means that bheref

are no 1nhanogeneit1es along the central -axls;  thus any

difference in 'the‘dosé ‘along this axis 1s due only to the

change 1in  lateral scatter. The simpler inhomogeneity

correction algorithms ( Ratio of TAR's, Batho ) will predict

an Inhomogeneity Correction Factor of 1.00 along the central

axis, Since this ray misses the lungs. The.Equivalent TAR

method does produce correction factors of 1less than uhity

.
N . Y BN AN
T . i
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Figure 4-5

The Double Lung Phantom consists of twc lungs

(Density 0.30 g/cc) imbedded within a unit
density (1.00 g/cc} material.The central axis
does not contain any 1nhomogen01+1es thus any
change 1n correc+1on factor is due .to scatter
alone.




élong the ‘central axis, ‘since 1t senses the reduct 61;n 37%;;, wd
~ scatter, Figure U-6 shows the calculated correction féct‘rs |
‘obtalned from the Ratlo of TAR's and Equivalent TAR methot}ﬁ .
v Lo\ .
compared to previously measured experimental values [19] for%\\ qu
’ . 5 "\ -,‘&“
a 2OX2O Cdb&lt bean]o . R \\ i
. A

Figures Mt7, 4-8, and 4-9, ghow the effects of
’ différént fie;d’ sizes .and~ enérgieé .oﬁ the calculatea
correction factors for %His double lung phantom. All graphs
show a "well-shapéd" profile. This‘profile is due Ato the
change 1in scatter conditions as a function of depth. The
deepest p;rtion of the wellA4s the point at which the
- reduction in the scatter contribution is fhe greatest. The
lungs ére less dense than the surrpunding maﬁérial apd ﬁhey
produce lessj scattér. Fob deeper point, the 1nhom§geneity
correction 1ncreaSes‘ toward unity becéuse séatter from the
reéidh; In the shadow of the cork 1s enhanced.: |

The second observation 1s an energy dependant effect.

For each beap size, tﬁe ICF value 1is greater as the energy ‘
increases. For a hilgher energy beam the relative importance
of the scatter component 1is reduced ( Section 4.3;2 ). This

"‘phantcni was ' designed to 1look exclusively at the scatter'
\ LY : N
canponent, hence there will be less of an effect wien the

' . L4 ' ' '

séatter 1s less important.

N
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o ‘ \.Jff_‘,
- The density of the lungs is also very 1mportant. The
v
low density lungs are s en to .Gecrease the*zInhomogeneity"
T ! .

Correction Factor because less scatter originates from them.;w -

e

if

ir the density of the lungs were 1ncreased above unity, they _ .
would contribute more scatter than the surroundings and the
- ICF should rise above unity 1nstead of‘fall This was indeed
observed Figure 4-10 shows an 1nterest1ng result when the‘;
lungs are unequal ( one with high density and the other with
:.lOW’) The lack of scatter from the one lung ‘was compensated
by the other lung,‘thus giving the net 1mpression 7hat both

“lungs were of unit density
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T ’ A assumption i,s def‘initely a valid one,

"t‘.k

LY ;
4,3 Assumptions

.4,3.1 Assumption 'l: Compton .Dominance

g
. 0, -
N R : .
. v, - B . .
o . . oy i
\

fs shated 1n.Section 3.2,%the first and most impor'tant

assumption in the Equivalent Tissue Alr Ratio Method 1s that R ‘

!

the Compton process 1s éthe dominant inter'action between

photons a.nd tissue. Flgom F'igur'e 4-11 [6] it can be seen that

1 the Equf@alent TAR Method 1s used wit‘. )
r'ange \‘hen “’?ndeed ‘the ;s

'. O'Connor‘ s Theor'em is

117and 133Mev )"

Qf‘ the pr'imar'y interd¢ ns,v “and - at “this ener'g,y _the o

The Eqni\?alent TAR

method was developed itiélly and tested f‘or' ("obalt—60

‘.'V')a‘ D -

k—-ﬁ{ beam ener'gy ingpasés it must bq’ kept in mind

r'adiation.

A .
. . o ¢

»»
thst the Compton pr.-ocess becomes less domina.nt and that the

.@l}% em'%ih' the methods r'esults wfll be due, inxsome par't to

»” *

, the br'eak dcmh of' this assumption., For 15-MV X-rays, the

) ef‘fective photon \ener'gy is agpr'oxima‘tely 5. Mev [8] ffor"

£l

K:hich ther'e rema:l@g & 95 % dominans;e 1n water'. In other'

ﬁigher' atomic number' ( 1. e.s the

e
S 2

- ‘tissues - bone‘ ),

assumption. 'l].rbr'eak dowm f‘ur't.her' 6. -,

[ : ) . . Pl
' ' . L ' . N
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4.3.2 Assumption 2: Primary. !jirst Scatter Djmi:nance “

1

i : ' . ‘ .
: .f.,!:c.\ PR [4 . - 1 . . AN )
b V. oo , - [ -

6\The prinary component of ' the r'adiation f‘ield 1s the ‘.

most impor'ta.nt component in delivering\the mabsor'bed dose. .
o - ‘ ~The pr-imar-y qomponent is directly r'elatedwfb the zer'o-area

‘Tissue Ait' Ratio, which cor'r'esponds to a pencil beam of

r‘adi.ation. The percentage of the dose due to the pr'imar'y-

y g ¢ - .
i canponent at a point can be calculated by considering a- ’ -

,\x . r'atio ‘egween* the zero-area TAR and the total 'T‘issue fir

g “‘m*ﬁ* o "%‘iﬁ ﬁﬁnilar'ly, a ratio between the Scatter Air Ratip and

}W oo ”the Tissue ALr, Ratio will yleld: the pet’centa.gemof‘ dose due

. to the overall scatter component of the gield.k Figur@s)h 12“"*”‘%*
and )24—13 - stiow the per'cent e of the dose duesto the pr'imary A
m ' and the ~scatter components of‘ the’ r'adiation fleld as a dw.

o function of ‘.f‘fer'ent beam sizes for Cobalt a.nd 15 W .

* peference depth of 10.cm.

"f.These- data are for an all water' vmedium at a

> " L These gr"ap'r‘ show that as the f‘ield size incr'eeses the .
r ‘ ‘ 9 -‘fr‘actional pr'imar'y component decr'eases while the ° scatter' o .
| L vcomp‘onen,t becomes Nincr'easingly more impor-tant For a typical‘

hld

f‘ield‘ size -of ‘10x10 cm2, the pr'imar'y component is\

(Y

o rr'esponsible f‘or' 80 % of‘ the absor'bed dose at a depth of 10_ -

. » »
i LH

‘cm. for Cobalt r'adiation. As the -ener'gy incr'eases, , the'
. L3

relative impor'tance of the pr'imar'y component also incr'eases.".'__i
(\l.. This means that the scatter' corrections. will be less
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o

- *than at "lower energles.

“

1mportsnt (. compared to the primary ) at higher energles

<4

\

The zero-ared ‘Tissue Air Ratio by definition, 1s

1ndependent of fleld size, but relative to the total TAR*

1ts ;anortance.decreases with 1ncreased field size, because

" mdre scatter 1s-contr1buting to the total dose. As the,field

‘ o ' .
size increases #bhé volume of irradlated matérial Increases,

-

. S
thus ylelding more scatter.
If. the field size 1is held constant and the depth is
varied, it can be seen 1in Figure M—15 that the scatter

component of‘ the ;lose increases with depth. Scatter" 1s

e

‘depth'inoreases thére”is morekirradiated material abové the
, point in Question. Thus there 1s more scatter reaching the
points at moderate depths” For deeper points, the.gain in.-

'scatter»is offset by attenuation losses.

.

\

It s difficult to fragment the total scatterQ?nto the

single ande multiple scatter ~components. The Equivalent

genergiiysdirected ire the forward direction so that as the

Tissue At Ratio Method attempts to correct for single and

: ”multiple scatter through ‘the use of weighting factors that

L
calculate each component separately. .Wong, 1nvest1gated the

difference between first and second scatter dose

éontributions [20] for Cobalt: rad;atlonf“ He ,used',semi-f‘

' ahalytic and direct nimerical integration to study “the

53
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contribution of doubly scattered photons. He showed that the S
] o
~ = first scatter contribution is generally greater than the ‘ =
second scatter contribution, and that the second scatter

appears more 1sotroplc. *

A simple calculation was performed in which equation 3- R
¢ 7 was modified. The multiple scatter components of the

" welghts were excluded from the calculation, and only ‘the

first scatter component was considered as follows:

L W(L,3,k) = dSARL(1,,K) | L ()
Figure 4-16 presents the r?sults from these calculations For
a homogeneous waﬁep taﬁgf_ The Inhomogeﬁeity Corrécﬁion
v//{'~ : Factor using the first égd‘mUItiple scatter components 1s
consistently higher than that using the single scatter
alone. This 1s an expected result since multiple scatter can'.
ESIN g : sy only-add to the total dose. Figure 4-17 shows the percent
?; o ‘differ%nc?'between thg single and tota} scatter'maaels. The ~
average differénce pégygen the two diff:§§nt modgls was 0;10 .
" . o \\;' %. This shows that the mulﬁiple scatter éalculazion in the |
Eduivalent Tissue Alr Ratlo algoriﬁhm'hasrminimalveffect on
. 1 the end dosegfesults‘ obtalned, at least in'this'a%l waterd
\3 ' situation. B ) B | C -
ELo 7 R . _ B m ‘51
ﬂ . It has ‘been shoWn that thb primary’gnd first scatteﬁ\igér jé

components of gkthe nagxgtipn; are sthe . most important -‘;'“ :
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’.w; )J nh genéiﬁy;cobﬁectio?%?algorithm. Suspect Zeg;on

~ .
* . ‘-\
1

contributions to the dose. Thus fhe assumption that primary
kY
and Single scatter are‘dcminant ¢ Assumption 2) is“a valid

4.3.3 AsSumptionAj Electronic Equilibrium
| , 24
In Section 1.6 the concept'of‘ electronic equilibrium
was introduced. Assuming that electronic equilibrium 1is

» . present allows the problem of'dose calculation to be reduced

to a problem of photon transport. The Equivalent TAR method .

essumes thaﬁ electronic equilibrium is always present. Under

most circumstances thls 1s a valid assumption., '

¥
[ B

» There are circumstances in yhich this aesumption breaks
down, and the Caiculated correction factors differ greatly
from those that are actually observed [9] [10] The(chE‘of
high energy and small beam size is oné such case. In Flgure
4-4 lateral electtonic disequilibrium 1s seen to oceur for a

. 5%5 field using 15-MV x-rays. In this case, differences of

" more than 10 % are obseﬁved For a 5x5.6—MV field ( Figure

nea\J/electronic disequilibrium 1is suspected to occur but it

e

1s not| as pronounced as in the 15-MV case.
k

., @

ude
/;\\Eegm boundaries, s tissue interfaces, and re iops oceluded

with beam blocks.

[ 3 v ~y - » (&

81



- of the Tissue Air Ratio ¢ Equation 3—4 )

4 . FUR . oo . 2

. - . . -
'9 o R . : h ‘ ' )..A .
. .

The Equivalent TAR method asﬂhmes that*the s&ne scaled

e

depth<can be\used 1n both the primary and scatter com%onents

This: assumes that -

the scatte"f~changes mainly with depth as does the Zero area }_‘2&‘

Tissue Air Ratio. This 1s difficult to check but could be

st .

done throdgh Monte—Carlo calculations
components, at' different depths, could be scored separately

“from the primary. It was felt that this was beyond the scope

of this project o LR “'”.”
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Ce,

assuMed that the materiaf- above the scattering volume was

?3“ 3 5 Assumption 5 Attenuation in the MEights wlnﬂ,“ﬁ : '.:;&ﬁﬁi-‘r i
N K ) ‘ ‘ "‘ o ‘ "1‘/ ) »w ) Q. , ‘. ‘;..~ . .
i P T ,‘., . F - ‘ e T "Hr . “ » %‘

In calculating the scatterf weights W(i*J) it was o N

water ( Assumptiqn 5 and Figure 3 3 ); Thus only the- _¢p*“f -

\‘1geometric depth of the SCatterinb volume\was uéed’ It w'uld _}_‘;“K G

. have been more appropriate to use the radiological—depth ( ’

’ :v:was relatively easy to test since one of the computer T

_ subroutines developéd during this work calculates both "the

N .

’?account the '. attenuation _“Changes caused ”by‘.ﬁ;the_

feometric and the/ radiological depths. =

W

Jfalong’paths a and b ) because this would have taken intOﬂ‘

e ,.q

finhomogeneities along the scatter pathways. This assumptionVu

1<

/ B

The geometric depths ( a ) to the sdattering volumej
were replaceg with their corresponding radiological depths.

Then both versions of the algorithm were'used te-calculate E

the doses within -an inhomogeneous phantom ( a CT slice of ‘&
X . . .
patient ) ’A comparrson of the two different dose, . - -

distnibutions was then made using an/isodose difference map

/
There were dose differences of 1éss than 1 %( The use of

ometrical depths 1s fUndamentally incorreot but the impact'

appears to\be minimal for practical situations.

@

-

Most biologlcal tissues have a density near that of -

- ;water, thus_ the radiological 'depth_will be close to the = %

o .t



N l

energies ) ' Thus a 20 % difference in the depths used "

! ‘7- should produce less than. al % diﬂference in"the total

g

contribution from that scattering vqlum

RN

4, taking exponential
attenuation into acpount._‘

o contri\gution 1s ~-the sum  of contributions rrom all 3t the

¥ . —

ng ' volumes‘that are irradiated It is likely thaf some volumes

/;

‘ Y
f&.ﬂ T may ha;é radiological depths that ate greater than their

"

Tea

| res&ltant balancing that could decrease the. difference value_

/

down to the 1 % that was observed . . T

a;"' . . .
A \ T Lo T
i . ) . . i

] : JO. ) ’

B

; have a minhnal effect .on performance.v A similar argument

: would hold for secondary attenuation along path b ( Figure

3—3') Thus, using the geometric depths' appears to' be

adequate and offers the opportunity for enhancing ‘the speed‘

£ ' S v
v —of the computation.

% to’. e total do\\ ax Cobalt energy ( less at higher_~

"hermore,_ the, totad scatter_

geometric depths while others J’ay be leSS. There is a -

Primary attenuation in the scatter weights appears to:




~.cascade of individual\multiple interactions ( Section 1.8.10°

\‘ Mo;ggver, the mﬂltiple scatter comRonentLis relatively small

o - - . - A ' ‘ .
~~," v . \/J . L \

V. oo
- ¢ g,

- 'I‘he Equivalent TAR method assumes that multiple

scattering is isotropic within the medium. It is ver?‘
e /- ' -

difficult to test the validity of this assumption since 1t

ﬂs difficult‘ to separate the difﬂerent COmponents of th\\\

calculations in which eaqh photon is followed thr'ough’f

). Flgure 4—18 shows the dose spread fumction [22] for-
Cobalt-60 due 'to‘multiple scattering alone._ The primary A
interaction point (I)1sat the center of. the curves . The ‘

dose deposition due to a million photons e having a first

')interaction at' I ) was then recorded after it had been _

' ‘ ” '\ l\ ,‘ ' £ ' R .
L T R . DR 85
'4,3.6 Assumptdon 6: Isotfoplec Multiple Scatter .- > . e

scatter experimentally ~ One 'apprqach is to use Monte—Carlo . :;///

multiply scattered (£ l). The figure shows . that -the ' v

smultiple scatter: is only ~ slightly foiward - directed. ;

so that for. 'most practical purposes the assumption - of .
>, Lha "I _ Amp

4

: isotropy-is defensible. - L - -

'*le-g' -

w5 Y
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. . - - ' 1 , v ,. A . . . ‘ . N v .
- 443.7 Assumption, 7: Weighting Function Separability

- v To make‘ the Equivalént TAR method practica]v the’ three

dimensional weights W(i 35k) ar'e ‘separated. 1nto « two

- independent components ( Equation 3-114 ). This assumption is :

This wquld r'equir'e a tr'ue three dimensional weighting
f‘unctton..’lp do this a three dimensional r'ay tr'acj,ng program
would have to be used in order to calculaze the pr'imar'y and

' secondar'y Qttenuations along the paths tr'avelled by the :

scatter'ed photons. 5nce this weight for a specific volume is
‘v

\ 314: coul& be ‘compared to. theipr'oduct of the slice

w? o

- ’ =

\ . i vy

o, . )
~ . . ¢

. ‘ . e . . < * .} .

a . v . .

ver'y dift‘icul.t, ‘to vali@ate and was not done in ’this wor-k. Q
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v 3 In caleulating the ‘indiﬂdual - Blice, welghts - W(k), an
ar'bitrar'y' 'vr*ef'er'ence depth wes used t‘or‘ the “SAR values. As
v mentioned previously, the w(k) fweights can be’ considered as
| the r!elative impor'tance of the k'th slice to the total
scattened do,ge, f‘or' a point located at this ref‘er‘ence depth
'I‘his weight is deter'mined .as a dif'f‘e*bnce of‘ SAR'
assuming that all the inter'vening Slices scatter as though
,;... o they-were camposed - entir'ely of water'. Figure _ 14 -19 shows
' these SAR" -values as a f'unction of‘ later'al dista.nce ( LD )

1 -

»  from the calculation plane. _The SAR value for a \later:al

-

Ky . . : —_

: distance of 2.5 cm. is the SAR for a beam that. 1rradiates

all mater'ial up to 2.5 cm.Iway from the cé.lcula?tion plane (

s "'\
side«of‘ the centr'al axis ). This gr'aph can then bé used in

. o [ . . ' ) .o
. . - o, . — . ‘- .
‘ . LAV v ' . . Lo & . \ ... :

Thi(é is a 10x5 cmz beam sfnce 1t irradlates 2. ;5 cm, on"each . -~

\ . determining the weig,ht of a slice. Themeight is essentially -

 the der'ivative oi‘ the SAR cur've at the point of inter-est ¢

~ -

’ Equation 3-17 3. S . -

‘ ) % . ) - 'O ‘ . | . R u\ . .. . . ]
\\{igur'e 4-20 shows a curve .of unnormalized slice weights
] St

e . . .
LI TN - . - A

‘as a. f‘unction of ”later"al-distance away from the' Glculation

LY

@ C

plane. 'I‘his curve is derived by, using SAR values for a - .

, Specifiec r'ef‘gepence \depth (. 10 cm, ) Similar* curves ' are
-.obtained by using dther r‘efer'ence depths. Figure 4-21 shows
S a three - dirnensional plot of slice weight as a f.‘unction of

both lateral distance and reference depth. | " SRR

AV .
T . ~ . 3

[N . Ve B . " .
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X
.

~

’
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\ The "nolse" 4n the weights graphs 1s due mainlx_ to

calculation andJ experimental inaccuracies. The original SAR

values used Iin the weights, are linearly interpolated for f .

intérmediate valles. When the derivatives of these'values

- ’

are.numerically calculated inaccuracy occuns because of the
resulting small values, compared to the scatter from
._individual 8lices, More accurate measurements of SAR valies

are required; as well as. improved data interpolation.

-

N
\

The slice “welghts w(k) are-used 1n determining the
position of the effective scattering slf%e ( z—effective )a

Recall that this value is the most probable lateral position

from which scatter originates. Thus changes in the welghts ¢

L

wlll also produce changes in the z~effdctive values. Figures

A . .
€4-22, 4-23, and 4-24, show the effect of reference depth and -
LN ’

] . 4 .
fleld sizes on the z-effective values at different energles.

Frombthe figures 1% is observed that the reference depth ‘has o

.-little effect on the z-effective valges for® small fleld

sizes As the fief&i slze increases the z-effective value
increases almost linearly with _ the reference deﬁth used

\
. L

Another small effect is that \as the .energy increases
N . ¥ -

.

the z-effective value decreases for all fleld sizes. As the

energy 1ncreases, the scatter becomes more forward directed

‘with ~ less lateral dispersion. Hence the"most' probable .

“t P -

position for the statter. to originate is closer to the °

¢

.
. - . ., -
2 . .
N N . i .
\ v’ . -

\
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' calculationsplane This is also evident 1n the weightsﬂ‘

profiles of Figure & 20,

&

<

The slice weights w(k) are: used in the- coalescing

.procedure. Thus‘)dﬁPvariation in the weights due to ‘the. ’

freference depth will be observed ih the electron densities

z

/
of volumeSHA Qithin ‘the effgbtive scattering slice.( To

: investigate this problem a. three dimensional phantom .was

composed of five slices spaCed 1 cm, apart ( Figure 4—25

). Each slice was hanogeneous in the x—y plane but the,

\

electronldensities of the’ slices were. varied for eachyk
: SRR & L '
ﬁphantomi The Qoalescing procedure was performed uging

~'different reference depths.

T

I [ ) . . .‘

Effectiye Slice Densities |
~ v

 Reference Depth ‘ Sem : 10em 15 cm
N . o N )
'@  Phantom 1 . .0.8% . 0.83 ° 0.8
Phantom2 . 0.93 9;92. o 90 ]
| Phantom 3 i_' ©1.000 0 100, 1.000
 Phantam u,.fffa‘ ;L‘l.d7 g 1,08.:. 1. 10. ’
fmamuns 115 - 117 LA
s ‘ S ~ R
j T N

. . ! . L

“If-all the slicés, are identicalb,in *density? ( 1.e;

Phantom 3 )h thenfthe‘coalesced density.will be'iéﬁependent .
--of the:- weights function ( The density will come out of thesl

: summation in Equation 3—l6a )er However(when the density “of

N
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2 4.000 1.00 1,256 1.25 1.25 PHantom 4
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L Calculation Plane l

Figure

. The three dimensional phantom used to test the
. effect of reference depth on slice coalescing..
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the slices changes, the . coale$ced density 1s a welighted
average of the densitles and the weighting function 1s more
important. )

. \ / ’

As the reference depth—~wes- increased the relative

_weight of the more distant slices also increased 6 e, they

<
become more important in determining the average ). This can

be understood qualitatively by considering a shallow polnt
' ]

'in the phantom. It” receives scatter from nearby scatteringf

the point 1s then moved deeper within the phantqu then the

increased.

‘ The\density of‘the scattering slide 1is oﬁserved to vat&

only slightly with reference depth The reference depth is

\ usually chosen 80" that the. slice weights used will

average of all possible depths of interest within that

slice. The original Equivalent TAR algorithm assumes a

.reference depth of 10 m., which would be about the midpoint

of ‘a patient under most circumstances. ’ S e

volumesJ along a path which defines a scattering angle. If

increased;a'

Thus 5hei{‘

-

-
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grid is still the same, but the voxel size 1s greater.

4.3.9 Agsurption 9: Scatter Grid Size -

-Choosing a scetter”gridr.size has q;majorginflueqce oﬁ

the- d0se calculation time required. To test the influence ‘of

this selection, datd wgs generatéd for  tyo different

;phantdns. The phantoms used were the slab and double lung

phantqps that weré previously described (\§ections 4.2.1 ‘and
%

L I
—

v

£

\

it is theoretically possible to haNe the effective

|
scattering slice with the same. resollition as the priginaly

image (- 256x256 ). However “doing 80 would result 1in

-

. calculation times of mord\ than 1000 minutes per beam on a -

. VAX-11/780 processor. In order to reducé these times: for .

practical use ( minutes instead.of hours ), the size of the
R |

" scatter grid 1s reduced. * The physical aréa covered py the

»

‘Timing measurements were_'made of ‘the calculation

algorithm for different scatter grid sizes ( Figure 4-26).

~ . . “ - . 0
It takes appgoximately 15 seconds © to multipIye' the -

’,'Inhomogeneity Correction Factors by the dose in water to

.

yleld the dose distg;bution in the heterogeneous mediwn;

regardless of the schtter grid size. Once this of fset time

1s subtracted from the total time, the resulting net time

a “

shows a quadratic relation to scatter’ grid size " ( i e, a

f N .
o

98 .

o

P
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grid size is doubled the calculation.time is quadrupled.
. ' ‘ A o . o

\ . -

+
-~

‘Scatter Grid Size,  ,Net Time
: Uxuf ¢ L ~ 1/%minute
¢ e . ‘ ’ ) ) .
" 8x8 A 1 minute
| 16x16 o - U‘miputes”

. 32x32 16 minutes

- . > T
. . . . .

By minimizing the time ( le. -using a smaller scatter

grid ) the error introduced in, the'ICF increases. Thus a

/‘

E linear relation tq the number of pixels ) If the - 3catter

compromise must be achieved An which both caloulatfon time

and error are balanced. To investigate .this, the” sfab
1

phantom ( Figure 4-1 ) was used with the ( a.) parameter set

fto 4 cm. “The Inhomogeneity Corrbction Factor was then

R

?}_ .
o served as & function of central axis depth and scatter

g id size as shown in Figure 4—27 The most'accurate results o

se a 1scatter grid size of 32 , Judging from the agreement

ith measured data. The Uxl grid showed aunaximum difference

difficult to see the effects of these differences in Figure

. 4-27, so an isodose difference map was produced comparing

A40f 12 % while the 8x8 grid gave differences of " U 7. The

y 16216 grid showed only al % maximum difference. 1t is ’

the different'calculated dggfs in ‘two dimensions (¢ Figure M—'

28 ) s ) l.\ . . N ’, . N -
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4x4" and 32x32 scatter grids in the slab phantom

for a 10x10 Cobalt beam.
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The makimum differences ' occurred ~ above f. the

inhomogeneity with relatively good agreément within and

* below 1t. Deep within the phantom most of the scatter -comes

" from above " .because forward scattering 15 1 ore dominant than

4

lateral scattering. Atfshallower depths - there. is . very

-

little overlying material, but 'there 1s still ‘a similar

\J

S ..
amount of scattering material latepally. Hence the relative

importance of the lateral scatter 1s greater for shallower

i

. depths. As  the'grid size decreases the‘volgme of each voxel

increases and the scattering centers are further apart. If

' the center of a scattering voxel .does not: lie within the

& ¢

beam\aﬁea then the seatter from that vofel is discarded
even thougb a partial vogeli may be within the beam,

resulting In a loss of scatter.. This is more lmportant at

" the_beam boundaries_near the top of the phantom because

portions of the major source of lateral scatter_are lost.

As the grid siae is 1ncreased the:spatial résolution at the

beam boundaries increases and less of the scatter is lost;
’ ‘ . ) * . N

thereby increasing the dose.

b -

As the energy 1s 1ncreased all of the above gffects are

simila} but decreased in magnithde. As the energy is

L3

in the weights, effective Z, scattering slice, and grid 31ze

is tolerable 1in calculating the scatter»correction. For 15-

e

N\

-increased the scatter contribution to the total dose becomes .

less ¢ Figure 4-13 ). Thus at higher energies, greater error'
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a 20x20 Cobalt beam. At the center of the well, a”scdtter

. v Al " ' ’ '{‘ ' “ ‘ "
N . . %

- * r -
R R 10
MV x-rays a grid size of -8x8 appears to be adequate for most ‘
circumStances: ‘ |
: ‘ r
The second phantom .used to invegtlgate the scgtter grid
slze was the double lung phantom. Again the ICF

- as a functioh of central axis depth. _
seen in Figures 4-29, u-3o M -31, /
central' axls of this ' phantan )

a variqxions in the Inhomogeneity Correftion Factor‘ are due *

‘ solely ‘to the scatter contribution. It is observed that the‘
‘curves converge as the scatter érid sizeh increases. The
.maximum difference of 3 % was observed to occur between the:
bxy and 32x32 size grids for~ a 10x10 Cobalt beam. . These

..differences are again attribufed bo the igss of)résolution ;;/)/”
in fhe-/ scattering slice which "bkurrs" thg_sharp borders of T
‘;he adJadent lung. With, greater Spatial resolut on, hd_ (//
loﬂEr denszz; of the 1ung is sensed more accuratelx This ’5{ ‘ |
explaips the deeper "wells" of the ICF profiles for dilute . .
scatter matr;ces. - -

Figure h-29 compares experimental values [19] of ICF's

with those calculated using different-scatter grid sizes for

. N ) - ‘ ’ N ' .
grid slze oft 8x8 more accurately predicts. the values,

However‘cear the surface and below the well; the 32x32 grid
f b .

more clpéely preédicts the observeg values. The 16x16 grid .

t

! size acpears-to'be an acceptable compronise.
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The Inhomogenelty Correctlon Factgr as a .
function of central axis depth within the double -
" lung phantom for .8 20x20 Cobalt beam and a°
number of different scatter grid sizes.
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The Inhomogeneity Correction Factor as a

functiongof central axis depth within the double

~lung phantom for @ 10x10 Cobalt -beam and a
number of different scatter grid sizes.
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" It.was also observed .that as theaenergy?increaSes‘the.-

differénces, decrease. Agaln this ;is'due- to the decreased

L
v,

’ .éggg_ relative importance of.the:scatter at the higher energles.
ey o R s o <
% - . . . . . . .

g - .‘-' - T, L ‘ ) - . ) s :
- From these ‘results a number of recommendations can be

made. For. the phantoms tested a practically acceptable ‘

_ scatter grid -slze is 16x16 This gives calculation times of_

: about four minutes on a VAX 11/780 processor and acceptable“g”

vaccuracy for .Cobalt—BQJradiation. Increasing the scatter
gridnjsize .'byjﬁaJ factor-,o%;ftwo - would quadruple the

' calculation time to an unacceptable'leveliand only yleld a

‘ :'one.percent gain in ‘he doSe}‘accuracy}v As' the énéfgy

' increases { eg. 15-MV ) the scatter grid size may Dbe

»

decreased ( “to 8x8 ) due to the decrease in sensitivity to

scatter. The calculation time then approaches one minute per
beam, which is~ very competitive with simpler -but less
accurate algorithms ( e.g.<Simp1e Ratio*of TAR'S )f

w -
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. TAR's

4.4 Sensitivity of the Welghts Funotion

W’f

7t has been shown that in  general, 8catter will“.

contribute’ less than 20 % of the total “dose to a typical

. point in the patient. The Equibalent-@hﬂﬁmethod accounts for

‘this small -scatter. component through the calculation of '

’

scatter - welghts which requireg the majority of the

calculation time, If a less complicated welghting - scheme

could be ‘used, there would be a consigerable" savings in'

computation time. To investigate this, some artificlally set
. 5o :
welghts were used, and thus produced surprisiry ree "ts in

Simple phantoms. ,
o ‘ o
S ' S R
Three versions of . the Equivalent TAR method were used

on the slab phantom for a 10x10 Cobalt beam ( Figure 4-33 ).

The nonnal version in which weights were calculated via

/

_ Equation 3-7 was used as a reference for comparison. In the

‘ second version, the weights W(i J,k} were set equal to 1.0,

and in “the third version, weighting factors were randomly

chosen’ between 0.0 and 1 0 were used The results from the..

random weights were surprisingly close ( within H % ) to the
results using the correct weights. However, the shape of the

curves mofe closely resembled those computed by the Ratio of

thod This 1s because the Ratio of TAR's can be

-considered as the Equivalent TAR method with the weights set.
equal and a unit’ density,scattering slice. The curve fori

~random weights falls very close to that:forlthe 1.0 weights.

e
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' slab. : - . '

Even though the/ individual welghts were randam,  thetr
combined average approaches a uniform distribution . These
approaches;, including the simple Ratio of TAR's, fail to

conslider the/\qhanges in 1ateral' atter caused by ‘the cork

-

These results would suggest .yhatbcthe‘ weights‘ are
- ) o .
relatively unimpohtant ' at least for a simple phantom. This

@

1s expected since ‘the effective scattering slice is expected

to be the same as the calculation slice ( Equation 3-16a ).

1‘For a more complicateﬁ‘phantom ( the- double lung phantom ),

Figure U4-34 shows the effects of different welghting schemes
for a 20x20 Cobalt beam. From this ¥igure, 1t is o/bvious

that the artificial weights ,do not give acceptable results,

s

' when compared to the experynentally observed [19] va/lues.,_'e

-
¢

With the welghts set equal to 1.0 a decreasing ICF

curve was obtained Again the .random weight curve 1lles

between the Ratlo of TAR's and the curve for unit weights.
With uniform weights the method ‘assigns éequal importance
to all scatter volumes W1EEEF the medium. Points below the

calculation point will be weighted mote than they should

while-points above will be-weighted.less than they shOuld .

Because all points are weighted the same, the weighted
average density ( Equation 3-6 ) becomes that of an "average
phantom". fhus the phahtopt appears to be.ﬂhifonn 'with a
density equai to the ~spatia1 average;i“This produces -the
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" The IﬂhOmOQPHGIt) Cerrectlon Factor as a ‘
function of centpal axis depth within the double_
* lung phantom for- a 20x20 Cobalt beam with
aPL1f1c1a11y set welghts
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monotonically decreasing graph observed, as Aobserved in

"\depth dose curves in a uniform medium.d , o i

‘ 4 (,

The higher beam energy ( 15-MV ) proauces _similarf‘

L

results,’ but the effects are Qot as pronounced as expected.-

9

This is again due Fo the decreased velative 1mportance pf

. (
vthe scatter. . .

A ]
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The' weights - may be complicated and difficult to
rd “ \ : ’ ' .

C

=4 :
Accurate, especlally for.complex heterogeneous phantoms,
. ~ : :

' . ’, * N . -
' a N . .
' s . ’ [N

-~ calculate, -.but they do produce results that are more .
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some of théfeffectsv tend to ;ffffel each other out. Of .

RN 5. Conclusions

=

L4

appears to " be a very good 1nhomogeneity correction

* , ¢ ' . -"'» v‘
< “Cbrrection Factors, as conflrmed by. comparisons with

4

measured data. . ' ot

Secondary investlgation of the. method proves to be

disheahtening. Thehe -are  many 1mplicit 'assumptions made

throughout the method, some of which are not physically

vadid, The assumption of an all water ° “medium appears
=throughout the method, even though we are solving a problem
in an inhomogeneous medium. For simple'phantoms the welghts
'appear to have minfmal effects and for such cases 1t would
be)nore efficient to arbitrarily set the weights. ‘When more

complicated phantoms ( e.g. patients ) “are examined,-the

" set weights produce results that are not acceptable. A more

‘complicated calculated welghting procedwre must be used.

O R

‘Thus, upon more in-depth analysis, the{assumptions turn

At first sight the Equivalent Tissue "Air. Ratio method"

Falgorithm., At correctfy predicts the’ Inhomogenelty
& : . : .

out. to Dbe acceptable. in practice. The water assumption is’
_ . o

-

A obviously invalid'\ but 1t must be remenbered that most

tissues within the patient have water densities ‘and a form

of averaging takes place naturally . Some tissue densities

are less than that of water whlle &thers are greater,zand

. ‘. ¢
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' in order to assure that the Compéon pﬁocess dominates Care

5.1 Future Work. ,, | S

e
~— .
«;&W“

courSe, the user mpst be careful not to uﬁe the method in”’

\

situations that would -contradict sdme ‘of the maJor
k2

assUmptions The energy must he kept within a suitable range
must also be taken“ 1f  the inhomogeneities difreri.

dramatically from that of’ wg§er ( e.g. hip prosthesis )

-

o

" paramount. - - o . ..

For manyf'of the’ assumptions investigated much fmore '

work could have been done examining their ef'fects and
¥
implications particularly with more measurements or Monte-

n

Carlo simulations. Future work could eliminate some of the
computational‘shnplificatidnsa With the speed of modern. -

computers the question ‘of coalescing must be re-examined. A
v

true three dimensional algorithm would eliminate some of rhe

"o~pn assumptions in Wt coalescing pr'ocedur'e. )

.
/ N : N N _'
[

Electronic equilibrium must also be examined since

-tpere 1s a tendency to .use higher energy x-rays. Linear

‘accelerators aAe gradually repiacing Cobalt 60 units, and

"~

the temptation to use this new technology is evident.

‘Finally, experimental validation of dose computatlc-

algorithms for 'contemQAated clinical _application remai::.
o . N t
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