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E.may be fatal.» The oce¥

ipneumonitis in two ways

'grradiation, and ’

ABSTRAGT .

v

In radiation therapy there are many instances {n

whieh ;drradiation of -‘the
particular, in large fieldm $ions with X-rays there
is a potential for sﬁ Eiﬁa

. everi¢yvof lung damage
- .y

is _related- to‘-the volyme of lung irrad}ated, the total
¥ o ' » .

v

_dose, the dose rate, the overall dujation of radiation

therapy, as well as the variable physiological reSponse of

individual patients. " ’
-~ .
The.. present research deals - with = radiation-induc

¢! & {

\

ﬁ(l) A non—invasive diagnostic test based on X ray computed

tomo raphy ,CT) for quantifying lung damage early after
8 - kot

n‘f]v ’

oy

'planning radiatiqn therapy.. e " : ‘/ e

..

[ ¢

The réaction of the lung fo radiation is monitored in

Ers E

o

groups of/>animals' which have been irradiated to various

.

.single doses to the thorax. This test was able to detgct

57

the ;radiation damage, its- time course, and dose response

// . Ay
in,a large number of mice. In'order to compare this .test

to other in-vivo diagnostic tests, such as conventional

’X radiography and . nuclear medicine studies, '~ however,

larger - animals (i.e.  dogs) vere’subsequentlypused} “To

T’?n\

vlung is unavoidable. In.

“'&% complicattons‘which ¢

: (2) ¢Improved accuracy .of flung;,dose; calculations’ for

further'egaluate,the.teChnique in a clinical setting, the ,

o

. ‘ ' L



. : i *

densitometry test 1is applied to radiotherapy patients at
\x . s .

. . \
-different,times‘pefore and after radiation therapy.

' \
‘Once the ‘;reapiratory " distress . of radiation
. <

pneumonitis occurs, treatment i{is often not effective.

. i S
However, the treatment of radtation pneumonijtis 1is an area

of active research. This provides sufficient incentive to |

4

'develop an garfy quantitative assay of the efficacy (and

I
perhaps  mechanism) - of new: treatment methods. With a

reliable diagnostic test, more timely

+

become possible.

The second nay to deal with radiation pneumonitis is

to Treduce 1its 1incidence by limiting and controlliné\the

Yose delivered to lung. For this purpose\it’is ‘mecessary
to .have ~an accmrate method ,°f (calculating the dose
actdally deliﬁered to: lung. This_ work also deals' witn
such“ radiation dose calculations and dosimetry in large

(half body) fields. Various lung dose calculation‘methods

.'simple as well as complex, are compared to measured doses

in simple geometrical phantoms in order 'to, study their

e .

range of applicability. These metbogs are also tested in,

more complewagiﬁuacions and’in -a humanoid phantom ,exposed

to 6 MV X‘ra'y.S/ _‘v” ’ T m\-\“,v

vl



ACKNOWLEDGMENTS i‘
‘ )

First and foremost ;I would 1like to thank ay
supefvisof, Dr. J.J. ﬁattista for the time‘hg(spent
training me, for the guid;nce he provided, and %f@f the
manf‘ valuable discussions during the entire dﬁr@tio? of

this research project. I also thank him for his review of

»

research papers and this thesis. 1 am also grateful to
the medical physiéists, ‘Dr. S. Us;skinl " Dr. ) J.
Scrimger who were always at hand to discuss any aspects of
medical physicg.

This re;earch pro ject 'co§ered ‘several fields of
study.f 1 am therefore indebted to the following personé
who contributed to varidué‘aspects of this project:

- Dr. R. Urtasun fdr his assistance on the clinicai part
of this work and for his support and many stimulating
discussi;ﬁs. s

- Drs. J. Sharplin and A. Franko of . the. Rédéqbiology

Group. for assistance and wmany stimulating discussions
> .

- during the eValhation of small animal data. .

C e = Df. 'I; Ahmed and Mr. ’ﬁ. 'Logus>who for many months
‘”“brOuéht and haniied ghe doésnfpr CT scanning and suggested
comparisons with guher diagnéétﬁc imaging. o :

- Dr. H. Fe?ri”who pérformed;the’ Qisual,;intefpretktion
qfldog luhngT scans and éxﬁléined many'aSpéch of it.
- Dr. .W; Castor and tﬁe Radiology :6§p;rtmént ‘for

facilitating'aﬁimal research on the CT séanner.

oo

vii



/

| |

- Dr. L.D. Armstrong of the Animal Disease Section: vho
perfo:med the autopsy and lung pathology for mice.

- Dr. \L. Genest who allowed use of human lung scans for

~CT dens}kometry.

- Mr. L.xiStehger ;nd the macﬂine shop crew for help 1in
obtaining ;nd making various phantomsf

- Mf. K. ‘Ligsner and the. audio-visual department for
their expert help in fhe pfepatat}on of grapﬁs anq figures
used in publicétions and in this thesis. » ‘

- Mr. J. Van'ﬁ&k,and Dr. J. Cunningham who hosted nme
at the Princess hergatet Hospital in Toronto and provided
training and aQSigéhnce in performing dose caiculations
with the eduivalent %@R method.

- Miss K. Mah ;ho scanned ouf Rando Phantom on the Picker
CT scanner in Toronto. . ' ~¥

- Mr. R. Cfiliy who assisted in oBtaining TLD doses.

-“Mrs. - S. Connors who assisted‘ in obtaining the

radiation profiles on the accelerator and also helped in

calibrating the CT dose probe.

- Mr. C. Field for hié.help nd advice on use of the VAKX
computer.
I also wish to thank my felloW'bgraduate students,

particularly Dr. A. Zenari and Mr. R. Méckie for many

interesting discussions and helpful suggestions, and I

>

;thaﬁk the - mediéal physics group for having'beén such a

plehsant group to work with for: the past four years.

e 3

. { y _
Financial support for this wWork was provided by the’

viii



Medicsal Physics Department, Cross Cancer Iqt:t:u:o. the

Alberta Cancer Board through summer studentéhips and the
‘ L

Bures: T. Laskin Award, and the Department of Phystics,

+

University of Alberta.

ix



TABLE OF CONTENTS

Page

1. 1Infroduction , ' . ‘ 1
.1.1:aad1acton Pntunonic:;:> - | 1

1.2 Animal Findings },l , * _ | 4

1.3 Diagnostic Tests ’ : o . ,; 7

1.4 Treatment of Radiation Pdcun&nitla - R

1.5 Guide to Thesis . | 12

2.

Detection of Lung Damage by Computed Densitonmetry 14 -

2.1 X-ray Computed Tomography (CT) 14
2.1.1.Principlea . 14. -
2.1.2 Transmission Data Acq41sition ‘ 15
2.1.3 An Image Reconstruction Technique 17
2.1.4 GE CT/T 8800 Scanner 19
2.1.5 Tissue Densitometry 2£
2.1.6 Precision - * . N 28
2.1.7 Accqiacy - 35

2.2 Experiments with Mice :’ C 42,
2.2.1 Methods 42

c2.2.2 Results‘ 50
2.2.2.1 Acuﬁe Phase : 54/.
2.2.2.2 Intermediate Phase ' \62
2.2.2.3 Late Phase | 65

2.2.3 Compafison with Mass Measurements 67
2.2.3.1 Radiation-Induced Changes 67
5.2.3.2 Adrenaline-Induced Changes 67



3.

#*
2,2.3.3 Volume Messurements

2.2.4 Conclusions .

2.3 Experiments with Dogs

#

2.3.1 Introduction - o
2.3.2 Irrndiatioﬁ .
*2.3.3 Disgnostic Tos;o
e 2.3;5,R.lu1t|
®, . 243,85 m-u’n‘zééi.
2.4 Clihic’l,Study in Humaps
2‘6.1 Retrospective Study

2.4,2 ﬁrocpective Study

2.4.2.1 Irradistion (UHBI) Protocol

2.4.2.2 CT Densitometry

2.5 Summary - CT Densitometry

Radiation Dose in Lung

3.1 Introduction
3.1.1 Linear Acceler;tors
"3.1.2 Cobalt-60 Unit
3.1.3 Dosimetry .

-
/3.1.3.1 Ionization Chamber

#

3.1.3.2 Thermoluminescent Dosimetry

3.1.4 Tissue-Substitute Materials

3.1.5 Tissue—-Air Ratios,
Tissue-Phantom Ratios
3.2 Summary of Calculation Methods

3.3 Homogeneous Phantoms

. 3.4 Simple Heterogeneous Pbantomé

- xi

~—

69
7%
76

6

76

17

81
88
91
-91
101
101
103

107

111
111
116
120
121
121
126

130

132
135

145

153

4



3.5 improved Lung Ddse'Ca1cu1ations.Using

v

Tissue?Makimum‘Ratib% in‘thé'

Batho Correction.

3.6 CompIex_Hetérogéneous_Phantoms3

 ﬁ3.7’HumanQid’Fhantdmf

LA
S .

References-

V”prpéndix |

-~

4. -Futﬁre,Work4and.anclusion‘

xii

!

163,

192

204
215

224

236



LIST OF TABLES

/.

?age"

Table
1.l‘d Radiation—induced changes-in mouse lung. o "5
1.2 . Tests used to detect radiation . s
.damage to lung : : . S . 8
2.1 »Components of the General Electricv R TP DR
” - CT/T 8800 scanner v . 22
1-;.2 Relative importance of Rayleigh scattering,
photoelectric absorption, and Compton o .
':scattering to total attenuation at 65 keV R 24
12.3 ‘ﬂDensitometry of lung R ‘3" 29
2.4 “‘Average CT number .as determined by various
‘sampling tests . R 313
_2.55."Physical quantities used in conversion o ‘
' ‘of CT numbers to density ‘ S 37
2.6 Conversion of CT numbers to densities S | 39
2.7": Calculated and measured densities for PR ‘ -
B several tissue substitute materials S, 40,
2.8 -Summary of errors involved in obtaining RS b
' lung densities from CT numbers o Al
2;9i _Numbe? of mice irradiated at 12 weeks of . /',
~ age to the vari§us radiation doses /5L
rZ,lO *Radiation dose to dog lung and technique’ /v ,
'-used during the scanning procedure - /o - 82

S 2.11 anrliest onset of abnormality in dog: o
' ' lung as observed on various tests - ‘/ i 87

12.12‘_ Clinical data for- three radiotherapy /

'ﬁpatientsb ']“ S :'i"' ’ , : i' ‘i :92,

‘;.13‘ Summary of CT densitometry studieSv“ : ’?' .‘lQ7v
;3.1"‘fCharacteristics of the_PR 06f |
: air-ionization chamber 126

3.2 ;Properties of LiF | o \§ ““ F” E 129

3.3 : 'ibysicalepronerties‘ofTtisSue— ' | ";31

substitute materials

Cxiii



3,4"; Inhoﬁogeneit&'cotggction methods : 136
3.5 Tissué-maximum ratios for & MV X—rayé‘ ' 147
3.6 ‘vSummary’bf experimental'set-ups ' R 154
3.7 . Experimental tests of the Batho . _ SR
' correction for Cobalt 60 irradiation, : ‘ “jvl§5d
3.8 ‘_Tissue—maximum‘ratios for Cobalt—60 V‘ﬁ':t':ffil76'
3.9 Analytically calculated .doses "at P g
- .for different thickhesses of the ) 3 » o
‘layers I .and II . . e ST 189
‘ 3.10i ‘Measured and calculated correction S . AR
N factors‘in RANDO o . s ' 209
4
- “
) "J. -
o

xiv -



i_”rotational motion only

SV Y

LIST OF ‘FIGURES

simplest CT system consistinglof.x ray tube
" and detector moving linearly across the '

object and then rotating about the object.

‘»Projection profiles of an object with
a dense pin.v' .

Image of a dense pin formed by simple

‘;back projections. ‘Note the star"-like
‘iartefact. :

.

'Profile after modification thh ‘a filter

function. S |

Third generation CT scanner using fan

beam of X- rays, array of detectors and

: <

“The reproducibility of CT numbers over a’

'"period of 17 weeksv

."Various sampling methods used to determinevn
jthe average density in lung. -

Calculated versus. measured densities for

,‘several tissue substitute materials.

Mice: in the irradiation jig.
iAnimals in phantom for CT scanning-
A cT slice through the phantom with

‘.all mice in place" (A) with a levgel setting
‘of 0 H and a window setting of 1000 H

(B) with a ‘level setting of =250 H and

*':a window setting of 100 H."'

’.Appearance of the CT- slice at different

- longitudinal positions through- ‘mouse lung

(A) near the apex, . (B) .and (C) mid lung,_,.

: ‘(D) neéar the diaphragm.

By

.CT slice at window settings of 100 H on

the: left, 1000 H on the right of (a) a

jfnormal mouse 1ung, (b) an abnormal mousexv'
lung. An area .of interest from which N

{8 calculated 1s traced. The level setggng &‘\\

is fixed at -250 H.ﬂ

c",‘

‘\The lung density of individual control mice.

xv

,:18

18 .

‘Eage~‘

16

19

20

<'_-3o“ L

32

38

45

46

49 3



*»418 weeks} SR : ;: : T 'h _ l'567h

' %E/Eumber for each slice through mid- lung._“: "}g57 o

2 19

}The petcent of animals'whose’lung dens ty

f'cr scans of two mice irradiated to 10 Gy “

is. the average CT number for each sli
t‘ﬁro

ough mid- lung. R o 52

(A) Average CT number (NCT) for the. control -
group of mice as a function of time after -

“irradiation; “(B) Average CT numper- (Y ctT) .

for the group of mice ‘irradiated” to 7 Gy.

I&Corresponding densities are shown on the\; . :
-_right ordinateu<~ B S L k“, 53

/_.'. ',. v_‘ )

f‘Average CT number (N ) for: (A) group of
“mice irradiated towlS_G‘

y; (B) group of mice
‘irradiated to 13 Gy; (C) group of mice

-CT scans}of mouse 1ungs showing radiatio%&
induced changes at 7 weeks,‘lG weeks, '

" The lungfdensity for individual mice

'irradiaked to 10 Gy. ¥Nep Is the average

The percent: of. animals whose lung density'
4increased by more than 40% is plotted as a s
function of time aftet rradiation ‘for the =

- groups of mice, irradiated\tg‘lO 12,13, ‘and
£

14 Gy. The incidence is defined: with reference i
to the" initial ‘number of animals (l007) in"

each dose group.;_.. g f,§\\ EEEE ,359'

increased by more than 40% is plotted ras’
function of dose during the acute, (radiatio
pneumonitis) phase 15-21 weeks. The number of

;_‘irradiatem to 14 Gy. = e - LI

animals with severe effects increases with ‘ T I

dose.'

-

‘“The average CT number (NCT) for an’

individual mouse irradiated to 14 Gy B g‘»f“fﬁ 63

”CT scan of a mouse 1ung irradiated ‘to 14 Gy
“(A) 23 weeéks after irradiation C

-(B) 25.5- weeks after irradiation

"The altered shape of the lung 1is annarent, S
particularly in the pleural region.: - .64

52 weeks after irradiation (A) mouse l

- (B) mouse 2. Structural ,changes are‘ S : [
apparent only in (A)\\\\ ‘ ‘ o, 66

A:Comparison ofvin vivo (CT) density and

volume measurements to ex-situ mass and
\\\ . “« : i - )

xvi



‘volume meaSurements for irradiated (
" mouse lung. ’ c ' f' o N . 71

CT scan of-a rat lung (A) with a level BRI

-getting of -250 H. and a window setting CR fVa,~ g

oy o

of 150" H, (B) at the same level setting

“but with a larger window setting of 1000 H.: kf 3‘72v'

CT slice of (A) a normal dog lung, (B) aau” .
dog lung . after irradiation. An area of ' S
interest frow which NCT is calculated 1§, S
traced. '{ : _ ‘ C S o R (J@f,

The average CT number per slice (NCT) in o

‘dog lung for ‘'various longitudinal

gpositions in the - thorax.'g R N R ;80
SCT slice of dog lung (a) near the apex B
(B) near the diaphragm. o S ot o 81

Average CT.number (NCT) for each dog ‘ e
irradiated to, 20 Gy o ' , .. -84

v

’Ayerage'CT number (NCT) for each dog o
"virradiated‘to 10 Gy.._ oy L - - 85

4

Digital radiograph - scout scan“) of dog
thorax. The. boundaries of the radiation

_ fieldare marked by positionihg clips
- om skin marks.-' : v i - oo 90

j?The average cT number (NCT) for éach slice

in lung for different 1ongitudina1 _ S o e
positions ‘in the- thorax R ‘ ,
(A) 1.5 weeks before radiotherapy

LF

,»,(B) 8 weeks after the end of radiotherapy o
~(C) 21 weeks after the end of radiotherapy. 95

:The average CT number (NCT) for each slice »

in lung for different- longitudinal:‘

. positions in the ‘thorax

(A) 1 week before radiotherapy Co
(B) 5 weeks after the end of radiotherapy

(C) 20 weeks after the end of radiotherapy. .98

The average CT number (N ) ‘for each slice

‘in lung for different- longitudinal
‘positions in the thorax :

(A) 1 week ‘before radiotherapy o e
(B) 5. 5 weeks after the end of radiotherapy.‘ 100

CT sc¢an- of human”’ lung (A) normal lung

(B) radiation pneumonitis in lung. The
radiation damage is confined to. within

xvii



3.3

,Treatment schedule for hemi body

‘pneumonitiSu

(charge mode)

‘Schematic of the instrumentation. ;
necessary to observe’ thermoluminescence.

the borders of the radiation field.

radiotherapy patients.

Average CT number (NC ) for individu 1

~patients receiving hemi~-body irradiat\ion.

Right and left lung data are plotted.
separately. The general decredse is -due
to clearance of disease and absence of

Varidtion of dose with depth in . a water
phantom for a parallel- opposed pair of

radiation fields (30x30 cm® ). The
T-uniformity improves with energy.

Eo

Bending ‘magnet and treatment head of
a Siemens Mevatron VI medical linear

.accelerator.

Schematic diagram-of an ionization

‘chamber with associated electrometer. -

The chamber can be used to measure -
dose rate (current, mode) or dose

&

L]

" Definitions of tissue-air and

tissue-phantom ratios. .
TAR=D/D ~TPR=D/D,

Geometry used for .the Batho correction.

"pp and” p3 are the electron densities

relative to water. K » <

Parameters used in the ¢alfulation

‘of scatter contribution i the dSAR.

.Definition of inhomogéﬁeity correction

factor ‘ICF D /D .

Variation of tissue- maximum ratios with

~depth in a phantom. The equivalence of
\

these ratios for preStwood polystyrene
and water is confirm%d.

Yariation of tissue- mkximum ratios with

depth in a phantom. e equivalence of
these ratlios at. distahces of 100 cm.
and 200 cm from the source is confirmed

\
\

xviii

© 102

104

105

117,

i'll9

124

128

133

139

140

146

148

150"



3.16

“Geometry used to obtain the experimental
"data. Dose at P ols measured as parameter

\

The dose increase with depth in shallow
layers of cork. The depth of the maximum
dose (i.e. dmax) is at 6.§vcm for ,
radiation field sizes of }Oxlo cm? and

15x15 em®. | . . 152

The inhomogeneity correction for 6 MV
X-rays is plotted as 4 function of

' parameter a’ for field size (A) 5x5 cmd

(B) 10x10 cm 2,(0) 35335‘Cﬂ*~wThe cork

thickness, t, was 7.8+0.2 cm. The

experimental set ‘up is shown in the -

inset. . e . . . - 155
[V ’

The inRomogeneity correction for 6 MV 4 0

r‘X-rays 1s plotted as a function of-

parameter "a" for field size (A) 5x5 cm? , o
(B) 10x10 cm® ,-(C) 3535 cm? . The cork =~ '
thickness, t, was 3.2 ep. - ’ . 160"

.7

{

" Geometry for the Batho correction. Dose is

calculated at point P, -
(A) whéan P lies 1in tissue beyond lung, :
(B) when P lies within 1ung. o . 166

a.vis varied from 1 to LS_cm. = ’ 170

For 6 MV.X rays, the inhomogeneity

" correction facitor is plotted as a function

o

of parametér, "a" for field size (A) 5%5 cm2 , .
(B) 10x1l0 cm2 (c) 50x50 cm® . . R 173
For Cobalt-60 irradiation, the inhomogeneity
correction factor is plotted as a function

. of parameter,"a" for field size (A) 5x5 cm?

(B) 10x10 cm? (c) 50x50 cm? . - & 174

: ’ ~
Spherical coordinate system used for
calculation of D, and Dy . Photons are S
scattered once at Q towards.point P. , 179

‘Geometry used for calculation of first—- - | .

scatter dose to point P from two separate

-layers I and II. . o .. 181 -

The inhomogeneity correction for 6 MV X-rays
at a point 5 cm below a 10 cm thick cork for, :
varying lateral dimensions of the cork. 193

The inhomogeneity correction for 6 MV

X—rays as a function of parameter "a

for a mediastinum of lateral size,

xix



N

3.25

“factor proposed by Lulu and anrngard (69). 197

c-5x20 cm? ; and c-10x20 cm? . N 195

The composite phantom used in the
calculation of the inhomogenelty correction

-The inhomogeneity correction factor for
6 MV X-rays. as a function of parameter lat.

The field size is fixed at 40x40 cm?. The .
lateral dimension of the cork, b, 1s varied . . =
(A) 5%x5 cm? (B) 10x10: cm® (C) 20%x20 e¢m?. , 200

: Radiatiom profiles across the beam measured’

at several depths in a water phantom for -
6 MV. ‘X-rays at a source=-to- surface. dis;ance;

“of 200 cm. ” - | 205

-

Positions of the TLD dosimeters are ;o .
indicated in the CT scans of Rando slices
(e) 18, (b) ‘17, and (¢) 15. . -, 208

The dose:distribution‘in a CT scan of .

Rando slice 18 is shown. The: 1nhomogene1ty'
correction was performed using the . L
generalized Batho method (109). o211

The dose distribution in a CT scan—ef )
Rando slice 18 1s shown. The inhomogeneity\“

correction was performed using the

eduivalent TAR method (110) as implemented
at the Qntario Cancer Institute. 212



‘1. INTRODUCTION

l.i Radiatien Pneunon;tis
" In radiation”thetapy there are many vinstances in
Tnhiéh_‘ irradid.ion of the 1ung is unavoidable. For
: ‘ S
,exanple, these include treatments of the lung itself, er
of ’the esophagus; .or the 'breast. In these caees, the
telerance of the lung tb radiation usually limits the dose -
which <can be prescribed to the diseased site. However,
becanse only a pnrtion of 1lung 1is 1irradiated, Severe
respiratory complications can be avoided. |
There has‘been a gredual trend towards the wuse of

larger or “magna” vradiation fields which encompass much

larger\ volumes of both lungs. Such . irradiation,

origir 11y ained at treating distributed lymph nodes (as
in odgkin's,'disease) and reducing the ineidence‘ of
- metastases, has evolved 1nto half-body and total body
teChniques. HaIfibody irradiation (HBI) has become 'e
etendard 'procedute for"treatiné widespread metastatilc
cancer and for reliefvof pain to improve quality of life
during the remainder of the-patient's life (100). This

technique is also an‘adjuvant form of radical therapy for

oat cell ‘carcinoma as well as E&ing s sarcoma (128)

Y

Here,.at the 'Cross Cancer Institute HBI 15 used 1in
combination witn chemotherapy to treat oat cell carcinoma
(122). Total body irradiation techniques are "also wused

prior to bone.marrow transplantation for leukemia patients

¢
S

1 ‘ ~
—



(6,59).

3

. \
lungs are 1rradiated to a high dose, and there ig a

\
In- 1arge field irradiations, large volumes, of both

potential for severe resplratory complication which may f
fatal. The occurence and seVetity ef lung damage iq
related to the volume of lung irradiated, the total dose, \
dose rate of delivery, oyerell duration of radiation
therapy, ae well as the variable'physiological response of
iedividual patieﬁts (14,35). Whee complications develop,
the response of lung to such irradiation has been called

the acute pneumonitis syndrome” (28, 30) and becomes
evident clinically only several months after exposure to
the radiation.“In humans, the symptoms develop after 1 to
7 months, with a peak incldence occuring near 3 months .
Its occurence as a function of dose (delivered in a single
fraction) to the entire lung has been documented by Fryer\
et -al.(30) and refined by -Van Dyk et al.(128). The
clinieal symptoms include increasing Ecough with dyspnea
~and” fever. Chest radiographs taken at this time reveal
opacities. Once these signs have developed the patient's
condition deteriorates rapidly and death may ensue within
2»to 3bweeks. In some cases, treatment with antibiotics

and prednisone diminiehes the severity of the radiation

response, and gsteroid withdrawal may-—precipitate the

w :
syndrome. Chemotherapy, . when used 1in combination with
radiation; 1s also an exacerbating factor (35). If the

) <&

acute radiation pneumonitis subsides or does not occur,
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fi{brosis in lung may still occur at later times up to ohe
year after irradiation (86), in which case, this becomes
the limiting factor in radiation therapy.

Microscopic findings in humans ec autopsy show a
combination of the following features: etypical septal
cell proliferation, vascular changeq, and at later times
widespread hyaline membrane formation (14,35). Some
degree of fibrogie may be observed 1in every 1ung exposed
to therapeutiq doses of radiation at times of 9 to 12
mohths after.raeiotherapy, but the 1incidence of acute
radiafion pneumenitis is less cemmon. There seems to be
little correlition¢,etween the acute syndrome aﬁ; the
later fibrotic changes (14), suggesting that different
cells may be responsible for early and' Jdate damage. A
good review of damage to different cell types in humans as
well as animals has been giVen,by Gross (35,38). In the
lung, the cells_ with the highest mitotic rates in which
‘ra&iation-induced chromosomal damage is exﬁectee to be
most pronognced'are: che=broncﬁ1al epithelial cells, the
capillary endotheliai ‘cells; and type-2 pneumocytes.
Although ~these histologic changés in human lung have been
observed repeatedly at autopsy, no systematic ‘study has
been (ethically) possible, prepneumonitis changes in human
lung have certainly not been ayailable. Thus; most of the
knowledge obtained on radiation reponse of lung has been
acquired througﬁ animal experiments and it 1s - not known

. \ N .
how well events occuring in animals correspond to events,



occuring in humans. Indeed, there is fndication that the
ttmo» gourse of raoiation damage in lung not only differs
between humans and animals, but chat it .xio differs
within species and aven uoong different strains of mice
(24). .
Until now'che management of rodiation pneumonitis has -
consisted of prevention by reducing the dose to lung or
reducing the volune‘ofvlung {rradiated. As can be seen
from the data of Van Dyk (128), the incidence of radiation

bpneumonitis,rises sharply as a;function df skngle dosev to
total lung, reaching 100X for 11 Gy. Hoﬁever, evaluating
dose to lung accurately 1is a dﬁfficult Ldosimetry problem
gsince there are Jlarge diffefenCes'in lung geometry and
‘density from patient to patient, and there ‘are also

variations of lung density even within a patient

(125,129).

-

1.2 Animal Findings
In order to better understand ‘the processes which

give rise to radiation pneumonitis, animal models have

)

been deyeloped. Histologic changes lin / mouse lung:
followio; irrediation are well documented, and arellisted
qn»Table 1. 1.‘fThe‘time course of these changes has been
divided into three periods. acute, intermediate, and late
(or chronic) .- The 1ntermediate phase overlaps tﬁe acute

~and late phases. According to Travis (116P the extent of

the histological lesions observed in each phase is
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douo-dcpnﬁdcnt. although the time course {8 not. The
threshold dosa for acute snd intermediate effects in CBA
mnlg . mice was determined to be 11 Gy, while the threshold
dose for late .;kcctl wn-:dntorgin;d to be 13 Gy. rpr a
dosse of 15 Gy mortality occurred in the qéuto phade for
all pnimals (73,116). However, the ruiiation en’itivity
of mguse lung nay‘ be different {n diftercnfxg:tatn- of

mice. The LD(50/160) and LD(50/180) for lung irrpdincion _
. - { B .

. . 1
in different strains of mice have been repofte&~to lie

A
y

+

Table 1.1: Radiation-induced changes in mouse lung

(Adapted from Travis (116) and Maisin (73))

L2 E ,
Phase Time Peak Activity Lesions
(weeks) (weeks)
Acute 10-30 16-22 Edema
: . »

Macrophage infiltration
Fibrin 1in air space
Alveolar walls thickened
Lumina reducedgto a slit

Intermediate 22-54 36 Increased septal cellularit
Large cells .in air spaces
‘and debris

. Late >33 permanent: .aCollagen depositioﬁ

; : damage Cells diminished in number



between 13. 5 to 16.1 Gy (106 132) l Death rates of 'animall
groups) is the assay and LD(50/160) and LD(SO/lBO) are thei
lethal doses required to achieve a mortality ‘rate of 59%
h.assayed at {l60‘ .andi 1?0‘ days, respectively,"arger“a
1rradiation;”‘For Balb/c mice used at our Institute (102),
vvthe‘ LD(50/160) w‘ determined to be 13 Gy, in agreement
with the above data.‘ Within the acute 'and intermediate
phases, there is a period during which the maximum effect:
' isvobserved}.’For the acute 'phase, thisv peak ‘response
foccurs' between l6 and 22 weeks.’ The observations during

this peak period 'correspond closely 'to 'those of 'thei

radiation pneumonitis syndrome‘ in man (30 52) "The peak
activity f:f9rf: the intermediate phase~t occurs" at
approximately 36 weeks. No. peak develops for the late

N

stagé-bécause‘fibrosis_is‘a chronic effect resulting,.from,
‘irreversihle and cumulative lung damagel |
Detection‘of‘someAluné damage at‘times ,earlierbythan
the acmte:phase was‘achievedlhy‘Sharplin and,Frankof(1625f
They found an increase in the mass ofr lung kat"G weekS'
after irradiation .tof lower doses as low as 2 Gy. .Their:
experiments suggest. that‘measurement of lung mass_,in’i the
"prepneumqnitis period> may;'be~vav more sensitive and
e;rlier indicator of lung damage.‘ The'mass‘ increase“”was.
doseadependenti up ‘to a dose of 10 Gy. ,An increase‘of lSZ'
. in lung mass was deteCteg'ffollowing irradiation with a
dose of. 7 Gy, and an!increase>of 287% was‘detected‘with'a

E S e YA T hde I TANDN
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Ultra early changes within 2 weeks after ‘irradiation
are possible by electron microscopy asbdiscussed fbr;dogs'
by'Moosavi et al.(77)a‘>The capillary endothelium appears
to he.vtne;vinitialh site of damage. Asniin the mouse

'studies ‘the time course of events is ,not dose?dependent,
CShut the severity‘of damage is. | |
~J )
<1 3 Diagnostic Tests
N Various tests- can be used to detect radiation ‘damage
-to: lung, and these are listed" in Table 1.2. . They are;of
several' categories, h‘[ orphometric, f' physiological'
biochemical andf'radiological. The changes occurring in -~
5lung, 1isted in Table 1.1, are. all expected to’produce‘_ans

‘dincrease | density vof 1ung. VTherefore measurement:of .

jchanges in lung mass and/or density is expected :tq-hbe ak

'goodﬂ‘indicator of _lung damageﬁ : For thisvreason; the
.application fof XX‘rayA computed . tomography | tol. arly
'»detection ,pfrrpneumonitis was developed in. this worh (see

’lChapter 2).:v' | o "' ' .

‘Most of the‘ tests listed " in :Table 1.2 show a
dose related increase 4n severity of- the effect and”there
is  a, threshold hdose, Below‘ which no. changesv canhlbe‘
deteCted{' This‘ threshold 'dose for.detection is’not the
same for all these tests because ha"differenth aspect ;of
pneumonitis' (ife‘ specificity) is being observed and the:
tests haverl different‘ sensitivity (i e.' inherent

precision). For example,_cellularvchanges are detected

|



Table l;ZE'lTests\nsed to detect radiation damage to lung

I

Changes in lung>" S Instrumentation_ e Reference

A, Morphologic

1. visible ‘¢charnges in cells light microscope, %35,73,95,1l6
~ at histologic and : “electron microscope B : :
~ultrastructural 1eve1‘ , :

Loy

'B.‘Physinogic, s Te oA IR SR

1. decrease in lung volume . densitometry, lung mass, 45i102,104‘
;amd compliance - spirometry S
p2..decreased ventilarion 133Xe gas inhalation 86

'3{'vascular changes such ‘as

perfusion reduction e nuclear medicine . , ..29,38,45,86
increased permeability alveolar lavage , ‘ ' ' :
4.'increas3/iﬁ breathingLQ ' pléthysmograph({h B 119

,frequency at time- of

pneumonitis
. ]

'3.3changes in arterial o arterialvpﬁ; va;”pCO o u-86,105.7
.blood gases_ o : i - : L

C. Biochemical . . , , S k T : R
1. surfactant release radioisotope labelling ~38,96,97,98
: : - and alveolar 'lavage ‘ :

.2.:phospholipid increase,ﬁ | ra&ioisotoperlabelling ",36,37,38'i
excess of protein in - : e S - : e
'alveolar fluid. i L . L c

- 3. collagen deposition S hjdrolyiation g ; 63 -

(late) v : ©+ . immunofluorescence 76

D.»Physical

'1.’quantification of edema ‘lung'weighrb densitomerry‘ 45,102?

' 2..changes igﬁginsity . X-ray computed tomography 25;45i
. Y : - “Compton tomography 135,136

N

E.'Radiological

1. opacities or R planar X- rays ‘ 65,l15k
structural changes o _conventional tomography '
- ‘ X-ray computed tomography 79

Compton tomography: ' 9
o ) - L :

/
[
i |
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"early and at'low doses by electrom micrOscopv; whereas
_ radiologicalnhchanges :appear'imuch later and for4greater
dosesf |

host of “the tests detect the lung damage during” the%‘
'acute;pneumonitis phase; At this time, treatment is. often
.too late and the course of the syndrome cannot‘_be halted'
or -reversed. .'Therefore“it"might be useful ;6‘ haVe
»érepneumonitis»vtestsbthat »detect‘ lung damage_:in‘"the
"latent period ‘of‘ several 1weeksi befofe thehonset'of
pneumonitis.' Such sensitive tests are the biochemical and
'elecfron _microscopyd tests which can show changes severalf
i_days after‘irradiation-. Also, lung -mass increasesv have
been. /observed' in“mouse das' early as 6-.Weeks 'after_
Jirradiation and at 1ow doses (102) |
.'iThev'tests- with earliest-: detection, "(surfactant
]release,{ electron microscopy, and lung mass increase)kare
unfortunately' invasive and‘ hnot“ lapplicable‘mvto_ ‘Ehe;
'hmanagement of' patients developing nadiation pneumanitis.b
The earliest in vivo test which can be applied to patients
: toh:monitor lung changes has been described by Prato (86)
‘hRegional’blood flow‘ in’ lung is _assessed lby injecting
radibactiveivkenonﬁl33‘:dissolved in saline and,monitoring
activityvover*the lung using a gammancameéal A reduction'
in'.activity indicates a reduction in number of particlesf
reaching lung which in turn signifies a reduction in blood
flow ”to'_the lung. A study on radiotherapy patients has

Ce -
’"indicated a reduction in blood ,flow as .early as .three



' weeks. after’the start‘of radiotherap&u' The limitation of g

~ this] !;st is that 1in patients with lung tumon;‘ it cannot

be distinguished whether the changes in blood flow are due-

T

"_to radiation damage or progression or ’regression lof'=the

4 N

‘tumor itself.'vTO‘overcome this, a radiograph may be taken

_to localize the-‘tumor iand ,exclude "this 'region ,during "

.analysis of blood flow.‘

Another fon- invasive method whiéh, can locate 'the

Y -

110,

ftumor as ~well -as detect lung density changes in- vivo is

'X ray computed tomography (CT) This method has been used

by. several authors in the study of human. lung and  found to

] e
be superior to planar chest' X-rays., Encouraged vby ithe

-

xearly_ increases ing mass observed by Sharplin and Franko

(lOZ), the'”presentkdwork was initiated lin order,_»to

determine. whether the ‘increase 'in' maSS-observed early‘

'after irradiation might also ‘be- detected as an increase in

[~

i.density :by using »such CT:.scansad This“,%est will be:

described in detail in Chapter 2.

In all tests,,thev aimlais Q-~t*o_ quantify early jlungl

‘s -
R e S Camo SR
~damage non-invasively,‘.and "to establish whether -guch

‘damage 1is predictive of later .treatment tcomplications

i_(117). . It is assumed that an early signal of severe lung

:damage exists during the "latent period Then procedures -

and: drugsv designed to;_modify _this 'response —might,be‘

actively sought s0 that the clinical symptoms of radiation

pneumonitis may 5be< relieved or avoided altogether. The

‘ non~invasive methods would then monitor the effectiveness”
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“of any strategy used -to reverse or ‘suppress radiation

‘pneumqnitis,

/

‘1 4§ Treatment of Radiation Pneumonitis

Since an inflammatory reaction 18 part of radiation'

-

'pneumonitis, corticosteroids ‘are expected to suppress this

ireaction, ‘bécause ‘theser'drugs‘ arei: anti inflammatory,
‘msuppressing.“connectivex‘tissuei reactions and‘deCreasing
cellular infiltrations.‘ Indeed prednisone administration
prior' to irradiation and until 60 days after was ‘found to
'reduce"mortality 'duef\to radiation: pneumonitis‘ (35)

Cortisone'uhasl been tound to reduce theﬁ?everity of the
radiation response in’ 1ung assessed by measuring changes

- in vtotal 'chest compliance in rats- (78) ‘ If steroids are

withdrawn in patients 'already .on 'steroid‘ therapy;,,the ,

ymptoms.. of-v>radiation‘ pneumonitis “;are’ aggravated.-

’Antibiotics have no effect on the radiation response ‘but

,are,vbeneficial dn minimizing opportunistic‘ infections

’which ,are_',_often : concurrent.; _withr J'pneumonftisf;
‘ aRadioprotective_,or.‘radiosensitizing agents which render,"

o lung tumors ‘more sensitive to radiation than 'normal' lung'-”

tissue can ‘be considered to reduce incidence of radiation

pneumonitis. Fractionated radiotherapy instead of,vsingleg'

,,dOSes ‘causes ‘more damage to tumor relative to normal .lung

tissue duevto"differentp repair' capacities (32 84) vrA,

preliminary sstudy ’using' a'lchinese herb-medicine‘named’

HH 6075 to modify radiation response of 1ung was ?repqrted.

: |
. oy ‘

i
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by Shen _and’ Liu (68, 103) Radiation‘changes were-observed

-in rat lungs by microscopy and electron microscopy. ‘Lung-

&-.

~damage .,was observed to be much less Severe at all times

after irradiation in the treated' ‘rats, The proposedf

LN

mechanism' of action of this medicine‘is prevenkion of

‘vblood . vessel spasms, an ~anti- inflammatory action and
' . =

inhibition of collagenv."Aoduction. None of ' these

] ) e

treatments consider all aspects off‘radiation pneumonitis

\ 4

and therefore radiation pneumonitis and its treatment is

' still an area of active research. This, has provided

sufficient incentive ‘to develop early detection techniques'f

which will permit more timely intervention, and assay the

‘efficacy of treatment methods under investigation.

1.5 Guide to Thesis /.f

/‘

In this—thesis radiation pneumonitis is dealt with in

two_»ways; In Chapter 2 a non-invasive quantitative test-

‘Vbased‘onfx-ray .c0mputed tomography for detecting lung .

‘damage early after irradiation is vinvestigated. ‘The
reaction of the lung to radiation is monitored in “groups

. of animalsf which have been irradiated to various single

doses to the thorax It is determined how well this test.

fcan detect radiation damage, its time c0urse and dose
responSe.n For this part of the work, largev number' of

animals were required so that mice were used. In order:to

compare this test to other :in-vivo _tests, such as’

conventional X~radiography and nuclear medicine studies,’
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however, larger animals (i e.‘:dogs)"were"reduired. To-

4

further evaluate the technique in a. clinical setting, the
densitometry test has been .lpplied to radiotherapy

) patientS; at"different times after therapy. How well CT

.

.monitors lung density changes in these cases is reported

in section 2.4. | ‘

In Chapter 3, radiation dosimetrv in 1arge half-body
_fields 1s  dealt’ with .and various methods to calculate
accurately the dose to lung per se are intercompared The

o

various lung dose calculation methods_ are compared to

measured doses in simple geometrical phantoms in order tof

study their range of applicability. These methods have
also been testei{in a humanoid phantom. A detailed dose
distribution -1in ha transverse slice of 'the'phantom is
Tcalculated and compared to measured dose values,- and 'to

the ' ‘manual” planning methods presently used for hemi=body

irradiation at the Cross'Cancer,Institute.



2. DETEGTION OF LUNG DAMAGE BY COMPUTED DENSITOMETRY

2.1 X-ray Computed Tomography (CT)

2.1.1 Principles
~ | :
X—ray computed tomography (CT) 1is a body 1imaging
téchnique that permits yiewing‘ of a"ctoss—sectiom or
"slice* without interference from adjacent layers. . X-ray
transmission measurementsv made' at :several Fangies or
pxojections through a plane of interest, may be .used with
an.appropriate algorithm to.synthesize the contents of the
layer of interest. This technique 1is significantly better
‘1n _terms of tissue contrast resolution inicomparison with
radiogréphy ‘and conventional focal plane tomography.
However, it does not- compete with film. imaging techniques
invtermspof spatial resolution (at.high ~contrast). Thus
computed tomography is particularly.suitabie for imaginé
soft tissues (e.g. * lung), while fiimv radiography, and
vtomography ‘ ate A more ‘suitable for diagnosingh bone
fractures. | i
The mathematics‘ofitonsttuction of an- image of an
objeet from"projection_ data obtained at a number'of‘
angular views was first demeloped in‘1217'by ‘Radon L (87).

[y

Other techniques>‘wete Vdevelopeds in 1956 by Braceﬁell

b - :

:working in_radioastgonomy (15). 1In 1975, Gordon et "al.
‘cited | mote 'tnan 1500 references 'feiate& to4 image

keonsttuctionﬁg34)!

The ﬁirst medical\application pf‘image'synthesis trom

14
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radiological érojections was pdﬁlished by Oldendorf 1in
1961 (81). Other fmportant experiments were carried out
in 1963 by Kuhl and colleagues utilizing a tomographic
1mage‘scanner for radionuclide detection (61), and by
 Cormack using radiographic téchniques (18,19). Hounsfiéld
pLoneered the first clinically useful computed tomography
systeﬁ, and it was 1installed 1in 1971 in the Atkinson

Morley Hospital near London, England (2,47).

2.1.2 TransmissionvData Acquisition
| The simplest CT system ﬁonsists of an ;Xfrai gube
dollimated  to produce a peﬁéil beam 1in¢ident. on a
detector. The p}ane to be scanngd is.élaced bétwegn X-ray
tube and detector as shown in Figufe 2.1. The first stép
is to move the X-ray tuBe and detéctor{fassembly' linearly
'across . the o£jecé for a fixed angle. Rea&%f!f are
ébtained af a large numbéf of - poinéé dufing éhe linear
motioﬁ,A and the‘fiueﬁce érofile-of the transmitted X-rays
"is detected to form a projgcfion. When.a linea?_ scan 1s
cOmplete? the tuﬁé and detector‘?otéte'togefher through a ’
small angie’aﬁd the linear scan is repeated.-.in this same‘
manner, mény sets \sf;,ProJections are measuredl. If one
defines é coordiﬂate system X-Y throggh the object, ‘then
each point“ along the ray is speéified by\its édorqinates
x,y‘anﬂ a function pu(x,y) is defined aﬁ evéry point. For

X-ray transmission measurements, this function is actually

Lot Q

the linearv-attenuation cogfficient u(cm-l). The 1line

v

3
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integral of p(x,y) along a path ds 18 called a

4

ray-projection p: (16)

p = fu-(x,y') ds

For monoenergetic photons, the"tranqmittéd beam fluence ¢t

is givenrby:

it

o, = 0, exp [-fu(x,y)dSI ,s

t

where: ®o ijg the incident beam fluence.

¢

X-RAY TUBE

DETECTOR

Fgg:vZ.l Simplest%CT system consisting of X-ray tube

" and detector moving linearly across the

object, and then rotaﬁing about the object.

-



v
\

i
Therefore the ray-projection 1s measured aa:

p = -1ln (¢t/¢°)

The r;y-projections p from many directions can be stored
in . a COﬁpu;er and the‘problem is then to invert a lafge
‘number of such measured ray-projections, p, to solve for
u(x,y). Actually the rays are of finite widths and the
u?s‘obtained afe ghe ;verage g in a volume element (voxel)

of finite volume. The reconstruction process then, will
t :
create a map of p's throughout the irradiated plane.
o

R

2.1.3 An Image;BeconstructioﬁﬂTechnique‘,

f

'Suppose there is an object with a dense pin at its

centre. - Views froh several dh&les will give the

~

projectionAprpfilés stfown in Figure 2.2. ~A first attempt

17

at reconstruction would be to "back?prbjgct" these"

profiles'(t.e. evenly distribute the profile'value\'aldng

a ray). Summing back-prdjectionsk from. all directfbps

gives a star-like image as shown in ”Figure 2.3. Thi's,

e

‘ . A
however, 1s a blurred 1image of .the pin; the image

contrast-igfmeaired and the true nature. of the real
obj;ct- is obscured. This im#ge can| be deblurpe& or
deconvolved by pre-filtering each PT filé " prior to
back-projection and summaﬁion.’ "In ouyr example, Figure

2.2, the profile would be filtered so that it had ’“both

negative and positive lobes as shown in ngure‘i.k. When



¥
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PROFILE

3

Fig. 2.2 Projection profiles of an object with a

dense pin.

i

Fig. 2.3 Image of -a dense pin formed by simple back-

A projections. Note the "star"—like artefact.
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JiRil

-3

Fig. 2.4 Profile after modification with a filter R\
function. \ N ‘ ‘ »f \
the filteréd back projecti?n values are then summed, the
negative Qalues cancel positive values and the spokes.of
Figure 2.3 disappear. ‘If thf filter function is «correct,
the cancellation will be ex;ct, and the reconstructed
fmage will be a correct image of the object (31). This
procedure 1is now used on-all comﬁércially—available CT

-

scanners.

. .
2.1.4 GE CT/T 8800, Scanner )

. The scanner used in our experiments is a third

v

generation”™ _scanner which |uses an incident fan beam of

X-rays, multiple detectors and rotational motion only to
. Y ’ : o - ®
acquire data. Elimination of the 1linear motion makes

scanning possible in less than 10 secoﬁdsﬁpet slice. This

o

o
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:yﬁe’ of 'scannér 15‘.illustrated ‘in Figure 2.5. The .
detectors are arranged on an 4arc which rotatgsﬂkyiqh‘ the

 X—ray tube about ﬁhé’pétiéﬁﬁ. The paxient_is on aftable

which/can»be'moved longitudinally through the opening (or.

p o S _ ; SEh . .
“donut”) in théw‘gantry ‘to produce a _series of slice
{1mages.

The x—fay tybe deliversb a p;iséd. beag of X—réYs
¢oliiméted . to ;au wi&e faﬁ beam. '-Tﬁé :gene;aﬁor—tubgi
féombipét;on p§rm1£s vari;tion in the'Cufrent'ué té 600 mA

' pe€’.puise;'{bﬁt fhé  vol;age is. fixed‘at 120 ng.- The

fnumbér of pulses’per.fofation may be selected as,.eitherﬁ~‘

© X-RAY TUBE

COLLIMATOR. - o
'COLLECTING ELECTRODE

HIGH_VO&UAG.E*‘ZOOOV " AMPLIFIR |—— COMPUTER

&

Fig. .5 Third=generation CT:scanner using’ fan beam

of X-rays, array of detectors iand rotational

(s

~ motion only. e s

8



I

‘piodide detector coupled to. a photomultiplier tube. O}her

}288 oxr 576, and‘the pulse duration is variable up to 3.3

,msec.

The original (Hounsfield) CT scanner used one _SOJ}Qm

sclntillator»- crystals -+ ‘such 4‘ as - cesium—iodide,

“blsmuthrgerminate,’ and cadmium tungstateyhave since been'

used to achieve _hetter,'light‘ conversion "and response

times .- "Thekﬁmain"disaduantage of" usings.crystals and

photomultipliers, however,.is' that ,it is aifficult to

high =~ ‘spatial resolution. , More o specifically,v
photomultipliers_,cannot_'be made,.smallerf than l,cm,in

diameter/and;are 'expensive (53 54) For this reason,

'photodiode{f'arel.used instead of photomultipliers on'some3

scanners;va‘

"An alternatrxe approach is to use ‘a fan. array of lion

]

chambers ‘filled with pressurized Xenon. Each detectorv"

element {s about 25 o long with an aperture of 1{05xl.05f

mm?2 . Each lon, chamber consists of a planar collecting

lectrode between two tantalum or tungsten plates,_'filled

‘withj Xenon, at 27 atmosphere or more. Such a- chamber can

,"jabsorb:morewthanv702 of ' the incident"radiation energy

(53, 54)
The General Electric CT/T 8800 Vsystem used ln our

experiments uges the components listed in Table 2.1

¢

‘ pack many of these closely enough (eg. 2 mm‘) to achievg"



o

v'TabiéAZflz

scanner
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S

oY,
Y.
'

Compoﬁents of the_General‘Electrié CT/T 8800
) y | -

Tube type
Detector type

Detector elements-

Rotati;n ”

Scan time (sec)
Ngmberqu,pulsés/fotatipn
.chrfént/puise

 pp1se dﬁr;tion
:vo}tége::‘

image matfi#

fpikei_siﬁe

IS

- 320x320

0.8,

Rotating aﬁode~

- Xenon ion chambers

523 of which lzvféndf detectqfs_

providé'téferenCe.:eadiqgs

360°

+ 4.8 or. 9.6 v

288 or 576
u§ t§.600’mA . _ o
1.1 or 2;2'6f13.3 msec’
120 kVp (fixed) |

1.1, 1.3 mn

v2.1.5_Tissue,DensifometrY_-

>R8ther thaﬁ”sﬁ9C1inng the u's, a‘”relg§e¢

S . 5 |
the C »ngmbe? NCT

NCT' = 1000

where:

NCT

J

i

'qdancity;

has been defined as:

£
| (1)

LA

=vtﬁéfci number in Hounsfield (H) units

¥ = linear attenuation coefficient.(cm_l> GE

'1maged tissue
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- uwls linear attenuation coefficient (cmll) of water.
‘ZOn this scile then,. each Hounsfield unit is equivalent. to
0.1% ofl the attenuation coefficient of water.v Thus,ithei
CT number scale is fine enough to distinguish rfraetional
percent ehanges in the attenuation coefficient of tissue.
Air with negligible attenuation has NCT =,'1000 dnd dense
bone 'approaches f+l000. Most .soft’”tiSSues lie"withinf
-100 to +lOQ§Hodnsfields;’exeept for air;filled lung which
‘has a typical CT numher walue of e750.\ -
The.two dimensional .metrixv‘of’ CT numbers wmay ‘beh
displayed as a ‘grey level or colour_ image on a;wideo
screen’ where each’ picture element (or pixel ) s assigned
a shade of greﬁ) ori colour, dependingjon its Cf'nnmber'»v
 Véiuém »The r;ﬁgelbé"cT numbers‘ displayed on‘ thed grey
VSCale. is determined by setting ‘a window, while the level

gpecifies the1CT_number value;assigne‘ mid grey tone.

‘p as well gs7cr numhﬁfﬁdenend;on t»é;tyoe of tissne
and on’the incidentjphotonﬁgnergy.‘ ﬁowewer;3an advantage
in. the use of the CT]nnmber instead of {h isv-that _it 1is
less deoendentf on the 'effeetiVe éherg§ of.the ineident
heam. This is because the ratio u/u - varies . much less
- with 'change’min.kphoton venergy.’than does U+ - In -the
-diagnoetic energy”range‘used in compnted.tomOgraphy'(60‘to
80 heV),‘ there, are three important mechanismS“of photonk
interaction . with 3 tissue: kayleigh ‘fseattering;‘

photoelectric absorption, and Compton scattering (54,75).



‘The:teiatiVe impottancexof each of these processes._for .a.
'typical energy of 65 keV (e g. \XitaY‘tuBe operated at 120
kVp) is: shown in_ Table 2.2. v The ;otal .actenuatione
coefficient“ duej“to;l all thrEe tfpese‘of conpeting',

Lnteractions 1s =

’Table,2.2 Relative importance of Rayleigh scattering,‘
photoelectric absorption, and Compton

scattering to total attenuation at .65 keV (9, 75)

‘Type of interaction _contribution to '; ' - depends,on:

total attenuetion at 65 keV

muscle ‘ .- bomne - -
, (ICRU)

- Rayleigh RS A 6T - p z? 1yl
s o : e T ‘ ‘ o e v,
Photoelectric, N & 28% , 8 Py Z- 1/E3 -2
‘Compton ., . ‘ 897% 3 67% o ‘pﬁ7fZ° f(E)

where;
p. 5‘e1ectron density (e/cm3)
p. = physical density (g/cma)
‘N = Avogadro’s number
C— - - ;‘27? atomic number
A = mass;nnmber
b = (NZ/A)P

~ E = photon energy



- e¥ 7 3. e mm oy e, R
woToe, [F’R(E'ZR) + o(E,Z) + ol ()] N (2)

~

' e . : . - ‘ | | '
where O and Z are the electronic cross’section (cm? /e)

. and effective_atomic.number'for each type of interaction.
Then, using eqqafibn (1) and  (2) one can obtain the

‘electron dehsﬁty’qf tissue?“relative to‘watet,’pé as‘(9):

T

Pe = P, [oew = R;(1.000 f Ougpl NCT)_ S (%y

=

where RG 1s the ratio of total. eléctrohic éross-sectgon

Yo

for water to the total electronic ctoss section for
' tissue. In order to convert CT numbers -to -relative
electron densities, R must be known forvdifférgnt‘;issugi

éopbdsitions.chor'éit,,lung; and-musc}e__R0 is uhi;y -(9). 

Thdﬁ,';for "soft” tissues with atomicvéomposition.similar

to'that of water, the <CT numbers can be ‘converted5 to

relative eLecpron densiﬁies'accordiﬁg to:

= . i '.:’ ( ‘
L 1,000 + 0.001 N, (4)

T

7}

| . . - “ R
&2

 The ABové'lequation' ‘has - been tested;‘“forv various
tissue—-substltute materials (82), and for tissues in4vivo '

(9). For wéterflike,tiséUes, it was found experimentally

to”‘be_éccurate to better than 3% (11); “For tissues which
" differ from water in chemical composition (e.g- bone)

however, the influence of atomic number 1is séen. For such

tissues, R _must * be pre-established with appropriate

tissue—- . substitute materials or measured in-vivo using
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dual energy CT scanning (9). o )
The gravimetric density of tissue 1s - obtained from
the electron derisity using the follbwing rélation;
, _(Nz/A) .
cp=ol water 7 - o (5)
; o ‘ ‘(NZ/A)tissue
1f lung tissue is considered to be a mixture of air and
,,wa:?r—like tissue, where the fraction of air by weight is .’
negligible;_then;'
. “ ﬁ
(NZ/A)water '
= 1.00
(NZ/A)tissue

~

‘and from équatiops (4) and (5), it ﬁdliows that.

v

p = 1.000 + o.odl.NCT.:\>77 '_ RS - ®
'Becausé- CT -numbe;s can- be convertéd/ to  ti3sue
deﬁsities ,1n‘;1u;g,‘ one has  for the first time:fthe
possibility of obtalining :quapti;ative ‘;aiues"fér !lung -
densi;y in—vivo.  ﬁéwéver; tﬁé 1uhg»is aﬁ:iﬁﬁomogeheous
organ, with ibcglfdénéit§ varying béﬁwegnlthat'of‘ air fo”
that of ;soft'tissueyand blood: 'the compositioﬁ-inclﬁdes
bioéd‘fgssels; air spaces of the alveoli and bronchi,_ and
lung parencﬁymé,' Therefore one 1is faced~with'the problem
éf choosing'ﬁﬁicﬁ lung region. to éample in order to.obéain,

a representative\average density. In addition to'épatial

density gradients throughout the lung, - dénsity ‘changes



occur 'with time during the breathing and ca?diac cycles;
such variations have been measured by CT foru‘inspiration,

expiration; . and cdntinuous breathingf,by Van Dyk et al.

27

(129). In our experiments, several methods of obtaining

_an average density for lung were investigated {ncluding
sampling of small areas orllinear profiles of thet‘léng

image. lHoweverf' outlining nthe complete'lung area, and
averaging density therein, provided ‘the most reproducible
(although not the nost sensitive) method. This method can
‘also be extended to yield a measure of the proportion of
overall ‘lung area- which has - an altered density. ,This
subject is discussed further in section 2.1. 6

The - method of quantitative CT . densitometry is

applicable to- diseases affecting the entire lung such as

interstitial disease which includes’ pneumonitis "and
fibrosis, and diseases affecting the general fluid or air
content of,theylung (136). ‘The method would 'be less

3

suited ,to measure denSities of very 1ocalized lesions

because it would be difficult to reproduce the - scan ‘site

\

~and to avoid partial volume effects.

In summary then, CT densitometry of lung can be used
to diagnose lung abnormalities such as‘-interstitial
disease, radiation ‘injury _(pneumonitis and fibrosis),
edema,. and emphysema.' CT can also be used,to record
changes in-physiological‘function‘ot lung since diseases

affect _pulmonary perfusion and/or ventilation. CT

' :densitometry has already been used’ 'in animal and Thuman



studies as a non—inﬁasiveﬂsensitive method for detecting
small changés in lung density (see Table 2.3).
Recently - CT has also become a useful ‘tool for

planning radiotherapy. As well as vproviding deﬁailed

28

three—dimensfonal internal anatomical data for “the

individual patient, it gives the electron densities of the
inner structures which are. necessary for accurate dose

calculations (11,129).

2.1.6 Precision

. .

VFof each scan session, pins of ~known material
- surrounded by water were placed in the scan field. The CT

numbers of each pin as well as of ‘the\'surrOunding water

[} ~ ¢

‘were measured, thus providing a check on long?term
reproducibility and scanner stability. Results are shown
in Figure 2.6. Each point represents. the average CT

number for a pértiéular pin for about 30 slices taken on
the _daté ind}cated. The nu%ber of pixels per sampled
region was 120. The "slice” dose ber scan was 3.9 * 0.1
cGy. Thé’standafd deviation'yé the average CT number for
;grious materialétfor 30 Qlice; wag found to be +3 H,
Vhiéh éorrésponds _to anvuncertainty of £0.6% for a lung
‘deﬁsity of O;S g/cm? . This is the inherent precision or
"noiée” of the scanner when used for densitométry of
inaniméte specimens.

| There 1is a loss  in precision. associated. with

reproducibly defining‘thé damplé region of interest. For

o
. '



Table 2.3

: Densitometry of lung

4

Specles

Lung status

and sheep

Remarks “Refefénce

‘human emphysema and normal ﬁosenﬁlum (92)

human normal Rosenblum (93)

human "normal” V;ﬂ Dyk (129)

hdmaq abnormal lung Wegener v(136)

human normal'ané abﬁormal Xenon inhalation Herbert (44)
. pulmonary-ventilatioﬂ

human abnormal Compgon.densitometry Dohring (23)

_c;mputed tomography

- human normal changing air voiume Rq;inson (91)

human radiation damage | N;bawi ‘ (79)

-mouse radiation damage | El—khatib (25)

- Van:Dyk (127

rabbit radiation‘damage compare CT to k—ray Hermann (45)

and scintigraﬁhy

dog edema oleic acid injury Hedlund (40)

dog and chanées in density due to changes in Hedlund (42)
baboon blood, ext?avascular fluid, or gas content

dog changes in density dué_to Hedlund (41)

hemorrhage and rescuscitation )
priméle, regional ;enﬁzlation Xenon inhaiétion Gur (39)
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an objectivg trace of the lung outline, it was  necessary
to standardize the Vieﬁing "window" and ;lével" ;eCtings
(60). Usi;g simple test objects, the best correlation was
fbund between‘*thé traced‘ area énd the true area for a
level setting half-way between the’ CT value of the
s:ructute -of interest and ;hat of the surrounding

material. The window setting did not affect the area as

significantiy. .Several tests were then performed in order

/

31

to determine the most.reproducible method of obtaining the -

average CT number (NCI) ~of the sample region of lung
in—vivo‘(92,i29,136). The following methods, illustrated
iﬁ Fig;re 2.7, were considered: “

(a) adjust.the level as 'abqve and trace close to the
visible boundary—of.lung (2 users), |
(bf/BLace‘a rectangular region of interest (ROI) box
inside the lung and obtain*;he average CT number thefein,‘
(¢) place a ROI inside lung, obtain fhe average CT  number
therein.(mnji G ) wﬁere o 1is Fhé stand?rd deviation. Tben
find all pixels having CT number‘values within NCEj:Z g,
and ‘recompute the average.

(d) Print out the CT nuﬁbers for the lung region And
calculate N g along a linear profile through lung.

These four' methods . were studied 'on a ’norqal and an

abnormal mouse 1ung.. Results are shown in Table 2.4. The

0 reported there is the standard deviation of the mean for
R ) . ) \‘ ‘ ! ) .

numerous = trials of “~each method and 1is thereby 'an

indication of the repraducibility of each tracing method

>
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(a) TRACE
C(b) ;-
| ROI BOX
()
_ _) N
N
" s
(d) PROFILE =1
O

NCT

Fig. 2.7 Various sampling methods used to determine °

the average density in lung.
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per se. From this Table, it is apparent that method (a)
: . N . ‘
isbthe'most'reproducible and objective for normal as ‘well

as abnormal lung'

\
-

In the dogs, the reproducibility of the scan site as

. scanninglon‘thé same dogion the same day. There\ were

elght . lecm slices through' the thorax from' apex to

\

"diaphragm, the sternal notch being designated as,‘origin.

The ;average CT number NCT was obtained for right and left

[3

'?lung_in each slice. For both scans,:CT values. for right

and left lung as well as area,traced were compared for the

eight nominal ‘positions.- The maximum difference in NCT of

' a given ~slice was 27\H, but most'differences,were within

10 H. The ‘average CT number NC “for allh.slices’ for the

~dog waS\—798 B1£57. 3 in the right lung, and -777.72445. 11

in the left 1ung. On. the »repeat,rscan the average CT

&

numbers were’ within 10 H of these values.t The difference

34

“well as. the tracing procedure’ was verified by repeatl

in average CT number for the entire dog lung therefore was

10 Hounsfields,» which represents 5% in 1ung density. If

’one slice through a highly vascular area of dog lung is

o

~traced. . ten times according to method (a),,Table 2 4, a
standard deviation of 4.3 H in the mean CT number for bthe

gslice was obtained indicating the reproducibility of the

,Qr
~ .

tracing methOd alone. ’ "

N
)

‘In the human, a repeat trace of the same: slice ten .

times according to method (a) gave a .standard dev tion of

1.4°H in the mean CT number for the .slice. fﬁfs is lower



(g

fcase because ,pattern recognition is exercised by an

u/u =N

‘ﬁnj

»

than for the dog due to the faot that the CT slice of

/

. human lung is more homogeneous and . the boundary is better

L

defined. .Therefore we. conclude thatithe reproducibility

of method (a) is'very’good and,this is the method adopted

throughout this. work. e.HoweVer;_the sensitivity of this

method in detecting focalized changes is. not very good,

since” these" fdiluted by'-the averaging procedure.

Visual CT interpretation can be more appropriate for this

)

: . . \
experienced‘radiologist.,5CT densitometry 1s more suitable

to detect subtle,diffuse”changes‘throughout the lung.

.

\2.lQ7'Accuracy _ ) ‘

. To. obtain densities from <CT .numbers the following

steps dlscussed above are used:

Ry : : kr(NZ/A)watér
—_—p /P — P

eT - (NZ/A)

tissue

rThe errors involved in obtaining ‘CT’ numbers -from 11/ uQ/
j@will be due ‘to beam’ hardening effects, systemdnoiSe, and-

motion inf%ced artefacts (64, 74 75) These; must 'bey

checkqd for each system and may vary depending on.size of
. ﬁ

object, motion, and scanning technique (eg. kVp). ~The
conversion to relative electron density is performed usingw
.equation (3) Gravimetric densities .are’ obtained from

relative electron densities using equation (5) of section:

(NZ/A)

2.1.5.. Values of R ,.—____lgﬁﬁﬁ orelative electron.

| O’ Nz/A ’ T :
R N N? A)tissue o e




density, and gravimetric density for nater; air, nuscle,

. and somettissue-substitute plastics. at an vefﬁective‘ CT
energy of ‘65 keV are given in Table 2.5. Often Ro,and

(NZ/A)water

, Tﬁfﬁs———“— « are.assumedlto'be unity ‘and densities

tissue , L ‘ v
are obtained simply from’ equation (6):-of section 2.1.5.

The errors introduced by this simpler iprocedure"for

[

various ‘materials are shown in Table 2. 6.«‘The densities

calculated in this way are all underpredicted ‘relative to

the “true density. However, for soft tissue (e.g. muscle
and lung) the underprediction is very small (0.7%). 1f
'greater accuracy 1is required ‘this offset could be

corrected for. In this ‘work, fractional schanges"in

density, Ap /D ,'were,measured'and.this;qorxection_was'not

" applied.

In_order‘to test the above theory, materials of known

36

densities wefe'scanned (see Table 2.7). Results.are shown

plotted in Figure 2.8. The cork and polystyrene values

were obtained from several slabs of - variable thickness‘

(e.g. 0.5 -cm) and with small B inhe§§nt | density
\

, differences; » These slabs were piled and scanned. The

©

cork slabs were variable in consistency and density, ‘as

L3 .

well . as havingquneven edges. This made comparison of the

‘measured density (sample_ volume' 200 cm?) to the .CT

-

calculated L;'gsityw (saMpfe volume 5 cm’) difficult. The
% L) .
ﬁuompositign%mf cork and “wood 1is unknown, therefore R and
v (NZth& R ‘cannot be determined but setting them equal
8 , tssue : ,
to l as in equathon (6) gave acceptable‘ agreement. . This

]
-
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~is reasonable since'wood‘and cork are probably water-like
ybiological materials. There nas also an uncertainty in’
the physical density measurements (+7%) and variations in
‘"density from slab to slab. The polystyrene used was the
.opaque polystyrene ‘ containing a: 'I‘iO2 filier \whose
concentrwtion ‘'may vary up to 42“by weight k137); The
exact. amount is unknown. In Table 2.7 density values for
polystyrene are calculated assuming' filler concentration
“of 1% and»AZ. .
| In order to study the influence‘ of sanple size -on

accuracy of CT number, a test was performed in which three’

Vb

Table 2.6 Conversion of CT numbers to densities

L]

overall error,

-
¥

{f equation (6) used

U /1%&————» pe/peh — O instead of

equations,(3)'and'(5)

Air. 1z -z - -loz

Muscle  +0.3% ‘,f st  -0.7%2

Lung  +0.3% -1z -0.7%
?olystyrene-

clear 6% Y -9%
f%%y.+1; Tio, 4% . oz -7%
Poly.#4% T10, sz -4z =31 <
Lucite. -3z f =31 - -6x

ynylon- | -4z : © ~1.5% - -5.5% o

Polyethylene -6% ] 4372 o -3%
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small dork&cylinders of diameters 6 mm, 1.25 ;m, and 1.9
cm were 'iﬁsértéa, in plexiglas sleeveé of outer diameter
2.54 cm. -Tﬁgse yere‘then‘iﬁsertgd in a water phan;o@ 4and
scanned. Results..indicated variations of less than 12 H
for, sampled réglons tanging_frova.OQE/;m3 to 0.375 cm® .
As a final tést, 4 cylinders of materials of siﬁilar
volume as mouse lungs were substituted into the mouse
thorax. The ﬁice,were ﬁlaced in the phgnpom’ and ' scanned
in _the ﬁsual manner. Results are included 1ﬁ Figure 2.8.
This indicates fﬁat - the calibratioﬁ ’ lineérity of
CdeeEived denéity is maLntaine% whether.the samples are
within‘the ﬁouse or within _calibration‘ phantoms . The

errors involved in “obtaining lung densities from CT

numbers are summarized in Table 2.8.

¢ : . \
Table 2.8: Summary of errors involved in obtaining

lqhg dqu;}@qe»ffoﬁ CT numbers

- s

B
& ¥
» v

Source : ‘ Error

Scanner instability + 0.6%
_Reproducibility of the’ ' ‘ )
tracing proce&urg for:

mousge lung ° _ . 1.0.0032

v ¥ ) : ,
‘dog lung + 0.017%
,’human' lung ' ‘ + 0.007%

Accuracy of the conversion -

of CT numbers to densities
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2.2 Ekperiments with Mice

v

This study was initiated 1in order to 1investigate
whetﬁer' the increase 1in mass observed early ® after
L:rédiation (102) might also be détected in-vivo as an

increase 1In density by'CT'scans. The mass incréase_of'lBZ
Obser;ed at 6 weeks post-irradiation to 7 Gy by Sharpiin
eg al. j (102) would be easily detectedlbyFCT, assuming
lung volume does-th change. The wbrk.dgscribed in this

section (2.2) "has . been published 1in the Interhétional

Journal of Radiation Oncology Biology and Physics. (25).

42

Female mice of the Balb/c Cr strain were obtained

from the Small Animal Program of the University of
Alberta. Mice weighing between 19 and 23g were irradiated

at 12 weeks of .age. In order to minimize the risk of

infettibn,- @xytetracycline. at a concentration ‘of 425

mg/liter was added to the drinking water. Tetracycline

‘controls most bacterial infections in laboratory umice, but

;

does mot pontfol mycoplasm - a common virus infection in
pneumonitis,' Autopsies of .sample animals, however,
revealed no bacterial or mycoplasm infections. Thus,

! . v
density increases coéld be attributed solely to the effect

of the'irradiation.

Ml

2.2.1 Methods ,
 The mice were irradiated with an X-ray unit (Picker
Vanguard) wusing the parameters given . in Figure 2.9. The

mice were restrained at the mneck in a plastic jig



43

Fig. 2.9 Mice in the irtadiation jig. The thorax

was irradiated, while the abdomen ang‘
head were shielded by 3 mm of léad.

X-ray techniﬁue: Tube voltége:>260.kVp;
Tube current: 19 mA; Half-value layer:

R 1.1 mm Cu; Field size: 20x20 cm?; SSD: 50 cm.



“

-
described elsewhere (102). The wunanesthetized animéls
were placed securely in individual “half-tunﬂgls“ ftgure
2.9. ‘All parfs of the mice except the thorax were

shielded by 3 mm of 'lead to reduce the body dose to 4.1%

of the 1lung dose.. The mean dose rate was 0.73 Gy per

minute with a dose uniformity of +0.04 for'tbe 20%x20 cm?

field wused. This was measured using an air ionizav{on

chamber in conjunction with an electrometer (Capintec

‘Model 192).

The phantom which 1is recommended by the American
Assopiation of Physicists 1in Medicine for ‘C® scanner
pgrfofmance evaluation (55) was modified to holdéghe mice
during thé imaging session (isee Figure 2.10). An acrylic

resin (Lucite) end plate with nine tubes, 2.8 cm in

diameter, and each 8 c¢m 1long was constructed. In

'gdditicﬁ, écrylic resin cflinders of smaller diameters

were cons;ructed; ‘the mice‘ ;lippéd ‘easily into‘these
inner cyliﬁdérs, which were then inserted into _the bou;er
"gleeve” tubes. The mice w§re reasonably ﬁell immosilized
without anesthegic and without having any part of their
body tied o:.comPressed. |

Five sliceé,'each 1.5mm in ‘thickness, and spaced 2mm

apart spanned the complete mouse lung hfngitudinally from
.apéx_to diaphragm; A slice through the bhantom with all
‘mice 1in place is shown in Figure 2.11. The appearance of

the CT slices at various positions in the lung is shown in

Figure 2.12. The data presented here were obtained from

44
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Appearance of the CT slice at different

[

longithdinal positions through mouse lung
(A) near the apex, (B) and‘(C) mid-lung,

(D) near the ¢iaphragm.
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thg’mid—luhg'slices, the location of which&waé judggd in

/

terms of largest cross—sectional area of lung in thé’CT_
" image. The . mice were scanned "with the. CT 'scanner
“;desctibgd in section' 2.1.4, Starting at 6 weeks after

every two weeks

<

irradiation the mice were scanned once
e . . N v

until _143 wgeks,_lgftér which they were»scanned once per

. week. For mouse lung, the viewing "level” was set at a

-

-~

‘value of ;250 Hounsfields and the ‘"window" ‘at 100
'Hdunsfieldg_tdffécilitéfe tracing of the 1lung ﬁautline
(50). ’ Under thesg condifions, the lungs appeaged black
and thé éurr§unain$.;issue'aépearedf.white; An area of
1qfere§; was trgged‘és ciose”aé-poséibie>£6 the boundaff
of the»iu#g. The on1y1 possible disédv;nt%gé of jthis‘//
tracing teéhﬁiﬁae ié .tha;‘bradiation effec;sr hear thé

pleura may be excluded, and thus‘changéé in "lung  density.
v : . v b b T =

were probably updereétimated.

In mid-lung the boundary between the right ghg left

[

lung was .not glways c1ear1y“visibIé.v HoWever!JSane-both
4 lungs.were irradiated and éﬁowed' similar effects, the

-

definition of the right-léft S;undarx'wéé not critical.
.E#ampies of an: pqirfadiated’ nofmal; as 'weilb as an
ir:adiatéa; mouse iung__are;pshdwn‘ in Figure 2.13 for
diffengﬁg ~window 'setting;.. Note that "thein deﬁsity
inéf%ases', observed during"radiation ' pneumonitis are
localized as déﬁse'pétchgs. | |

The radiétion dose receivéd 'dufing' one sgénning

proéeddre was 0.039+0.001 Gy (112). Over the whple |
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‘radiation than @vas ‘ expecteda The LD(50/160) and

WV?'.

— ’ “ v"
\ : G

scanning regimen;of 25 Weeks (16 procedures), the mice

- would therefore receive an addiﬁf%nal dose of 0.62 Gy .

This’ dOSe is certainly significant in %?gnitude but since

the 1ungs have capacity to repair subleﬂhal damage, % dose

K

of 0.62 Gy‘in‘16 fractions over 25 weeks is expected to
';produce ?no ‘additional effect (132) However, the mice

’ SEd in our studies did exhibit much less tolerance to the

L

50

LD(50/180) for lung irradiation in different Straingl of

mice have been reported “to'lie between 13.5 to 16.1 Gy

-

'(106,132)- For Balb/c mice used in other bexperiments' at

v

our Inst‘itute‘..(102),'the LD(50/160) was?i determined to be

'

13 GY. in agreement with the above data. These mice were

drradiated (but- not scanned) and kept under conditions

similar to those used in the~<experiments reported here.

-

It is speculated that the additional dose of 0. 62 Gy and

the sfﬁness ofr weekly handling exacerbated the lung damage

‘or intetfereduwith recovery.

3 o, 2. 2 ReSults ié;ef SR q /M§§§ RS

LA . . SR

‘

A total of 142 mice were used for- theee’fexperinenté

By
— —

UW1th the dose received reported/in Table 2. 9.

CT

The average dT number for an. individual animal, N
Qaﬁ 9easured ‘in the right and 1eft lung.v The average CT
number for an animal group\irradiatedito the same dose,
~eas. also“calcu%ated.and is‘designated ﬁCT’ for_rightiéﬂd

B

left lungs separ telYﬁ c \



The CT numbers for control lungs ' of the individug}l
. ) . ' o :

animals (ﬁbT) Fere founh to lie between -475 and =550,
" . < s

corresponding to a normal range of lung densities of 0.45

51

to 0.52 g/cm?. fA plot of N.p for " indiwvidual animals is.
. . i .

shown in Figure 2.14. The average':CT number for this
_econtrol™® g;oup (=CT) Qas -525 w%tﬁ a éthndard devLatiod of
30 Hounsfields for the group. ;ﬁo signific;nc ‘déviq;ién
‘from ghese Values..was 'fﬁunﬁt at any time for mice
irréd%ated to doses of»5'and'7 Gy.. A‘ p}qt of the 'CT

- B

number for all control animals (§CT)’ as well ds those

.irradiated to 7 Gy are shown 1in Figure 2.15. For the

control groups and the groups irfadiabed to 5 and 7 Gy,

'the.standard deviation from the mean was maintained at 30

Hounsfteids. This demonstrates’ that the CT numbers for

%

.t

Table 2.9: Number of mice irradiated at 12 weeks of age

~

to the various radiation doses

Dose (Gy) No. of Animals Surviyving at .
' 25 weeks S
0 23 o 23 —
5 18 | 18
7 28 28 7
10 - 28 s
' , ' Lo s
1 . ;0 .
12 B °
13 .15 GA 0
ST | 15 S TR
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,animél 1“?85. were reproduclble to within 6% (L.e.

30/500). This variation is attributed mainly to
biological differences within the animai groups éince the

feprodﬁcibiiity "of the CT scanner data alone is 0.6% for

1ung4shbsigg%te materials, as noted in section 2.1.6.

’

S . - )
512.2.1 Acute Phase

Mice féceiviné doseg of‘more than 10 Gy showed a
gradual increase in density beginning' at 15 weeks
following irradiation, with large variations in individual
animals, as sﬁo&nvin Figure‘2.16. | '

The time ¢our§e of density changes for mice receiving
13 and 14 Gy arehabso.shown. Ihesévcuryes are'simila;,
' wigh more.sewgre changes observed for incfeasing° doses

(see Figufes ‘2.15,2.20). The ap?eardncg of’the scaﬁs as
the mice go tﬁrough the pneuhonitis pﬁaSe” is shown in
Figure' 2.17 afor‘3 individuéi miée. At 7 weeks no effecg
‘is visible of measured AS a density increase. At 16 weeks
no :effect';sAvisible but a significant'CT number_iﬁcfeése
is noted. At L8_weéks CT number chan&ss are ﬁbth measured
aﬁdu clearly visible. For the mouse irr%diated'to-7‘Gy no
*fhange 1is visible or measurabie at ady time. ihe largé
. A ) \
individual 'Qariation is illustrated in Figuré 2.18 where
fﬁcT'is plotted for 5 individual ahimals'ifrggiated gd, 10
e . , : .
Studept'é t—;égﬁé;";as.vbpérf?rmed - to te§£ the

stagisticalt'signifigéﬁéé‘ of the density increase at 1¢
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A ocray - 9 ‘Un<73/ )
‘eflung

-200q

- 300-
-400-
-500A

LUNG DENSITY  g/em®

*-600-

' Fig. 2.16

lcyig

T T T T T T T T T T T
8§ 10 2 ¥ 6 18 20 22 25
TlN\E AFTER IRRADIATION (w‘eeks) ‘

Average CT number (ﬁ ) for: (A) group of mice

1rradiated to 10 Gy, (B) group of mice irradiated

to 13 Gy, (C) grOup of mice irradiated to 14 Gy.

Corresponding denéities are shown on the right
ordinate.bTypical érror §ars represent thé
standard deviation .from the mean of the.éroup.
Error bars increase during the pneumonitis,ghase

(16- 22 weeks) because of: greater variations: in

‘regponse of individual surviving animals
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weeks after irradiation to 10 Gy. The level of

’

significance was found to be larger than 99.99%. The

changes observed at later times and at the larger - doses

were as significant.

Deaths occurred between 19 and 24 weeks. Mice whose

 1ung density 1in both }ungs'incgeased by more than 40% from
a normal value of 0.5 g/cm? to > 0.7 g/ém’, would
generally die wffhinbthe enSuing i weeks of such éhaqge.
The above data are summarized in a different manner in

Figures 2.19 and 2.20. 1In Figure 2.19, the time cau}sg/of

/

. . J/
the changes in density is shown. The percent incidence of

- animals with a threshold increase of greater tﬁan 407% iﬁ
lung density is plotted as a function of timé. Figure
2.19 shows that‘major changes oécﬁr }ﬁ the time period of
16 td 21 weeks¢with more severe effects occuring élightly
earlier at the higher dbses,'in good agreement with the
data of Travis et al. (1;%,115).

'Figufe'Z,ZO pfesénfs tﬁe éame data plotted instead as
a function of radiatién,dose-for fhe "acute” pﬁase of 15
to 21 weeks. This plot suggests that thé severity of the
effect 1increases with time as well as with dose, aééin in
agreemeqq with the findings of Travis et al. (116,118).
However, the 40% increase 1in density cﬁosen is an
‘arbitrary threshold. Thus,,Figureé 2.19 aﬂd.Z.ZOvﬁight be
different 1f qther threshold values are chosen. )

Two: of the mice were autopsied+® and the

histopatholdgical findings 1in lung corresponded to the
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0 -4 6 B 20 22 24 26
TIVE AFTER IRRADIATION (weeks)

Fig. 2.19 The percﬂnt of animals whose lung density

increased by more than 40% is plotted as a

function of time after ir:adiation for the

groﬁps of mice irradiated to 10, 12, 13,

and 14‘Gy; The incidence is defined with /

- referencé to the initial number of .animals

(100%Z) in each dose groups
,}}“
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Fig. 2.20° The percent of animals whose lung density.
" increased by more than 40% is plotted aé a
function of dose during the acute (radiation
;pneumonitié) phase 15%21 weeks. The number K
of animals with severe effebts increases

vwith dose.
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claasical.description of radiation pneumonittis. :

Histopathology report as obtained from Dr. L.D.
Armstrong, Agimal Disease Section, Laboratory Services,

University o?o*lberta. .

"Mouse No.l - The lung tissue examined wa: much more
cellular than normal with 1large numbers of alveolar
macrzghages present in the alveoli. These macrophages
were
MStaining pigment. Interstitial areas or alveolar walls
themselves were thickened due to cellular inflltration
which was primarily macrophage and . mononuclear in
nature. Some interstitial areas sWha
fibrin accumulation and this is what was judgeé\ to be

“4n some of the macrophages, giving them a groupd glass
appearance. Occasional double nucleated macrophages

were - encountered. Very slight  mononuclear
accumulations were noted adjacent to saome of " the
alrways. | Airway epithelium itself was modérately

uniform with moderate anisocytosis of nuclel and® with
some jumbling up - of cells into multiple layers. The
lumenal border of these epithelium cells was jagged
,iﬁ;th 4ndividual cells protruding and having rounded

;n the lumeni of airways. . i
Mbusﬁ No.2 - Was similar although more pronounced 1in

.,.these changes, large numbers of macrophpges ranging in
‘gizes from normal to gigantic were, found within the

ifk alveoli. These macrophages contained dark golden brown

pigment or were very large and pale staining with
apparent protenaceous edema fluid. Some edema was

Swith the predominant cell type being macrophages ~and
4 mo&onuclears. . Similar’ changes were found in the
e epfthelium of the airways, being slightly hyperplastic,
35 ‘uniform dn outline and numerous epithelioid  or
;Pmacrophage type cells in the ' lumen. Mononuclear

“a&cumuiatioﬁs were more.prominent adjacent to airways

1n this mouse.”

B o

be microscope. © The lunga were severely edematous with feﬁ

H

c fungt}onal alveoli. The appearance was dark red, hnd no

~

pus, normally indicative of infection, was observe¥. Thus

wed ‘evidence of

61

swollen and vacuolated with some golden brown

$orders (Clara cells). ‘A few macrophages were evident’

e ~ found in this partid@lar lung along with .more »focal "
L distribution of hypercellularity to the alveolar walls

“2 The 1ungs of several mtce were also examined post’ mortem .

o



-

B

~tbe changes are'entirely'attributed to radiation effects.

Only one animal irradiated to 14 Gy survived the

o

62

,f‘e&r1y _acute phase but . died at 30 weeks.‘ Data for this

'anecdotal case are shown in Figure-ZaZI. The CT ,numbers

. for the right and 1eft 1ung are plotted separately.‘ The

Féif'f‘

1

the. apex :and ‘diaphragm. CT‘slices for this mouse. There

‘density increases during Ehekacute phase were confined. to

was no densiby2increase in the three tmid-lung slices."

Therefore' the - volume of '1ung affected by. radiation
pneumpnitis was - much smaller for this mouse,- which
Vexplains.‘_its longer *survival. ;'However,u th density

I o

|
increased progressively in mid lung with ‘the left lung,

: showing' more ~pronounced effects.f' At the same . mime the

Lo )

appearance of the lung took on a» different jshape ,as_ is

" shown in Figure 2.22, with the pleural boundary being very

irregularwf Thisﬂcasej suggests re organization vo lung

9
EER|

structure  to cope with ‘damagey However, despite this‘

remodelling,,the mouse:died durinL the-late acute phase.
SR e - b BRI . \

!

f
X

2 2 2 2 Intermediate Phase d' o | :

f»At 30 weeks after irradiation,' thefe were“ no’

¢,

'survivors among mice inradiated to doses - of 12 13, and 14

3

"

(Nep). ress

‘uto -460 Hounsfields, (i e.”.densities in the range of 0 54

N .
. \,

e

'Gy However, at a Sublethal dose of lO Gy, 5 of 278 (18%Z)
animals survived the acute phase. Between 22 and 39 weeksk
“after irradiation, the . average “CT number' for this ‘group,

)' resolved to near= normal values, lying between -420f-

O,
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Fig. 2.22 CT scan of a mouse lung irradiated to 14 :Gy

[ S , - ‘
"(A) 23 weeks after irradiation,. 2

- (B) 25.5.weeks,aftet fffadiatibns ']
,‘The,éltered shépe of thé-lung is’épparént,
n~“‘

Y particularly in the pleural regio

1

o - : : Y .
HRRIEE : - ; L ] &
’ . . \ . '
‘
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B

. are very limited. ‘ S

"In cbmparison t

in Figure 2.23.

~ changes, again {ndica

td 0.58 g/cm’).  However, with so feW/énimals surviving

‘the acute phase, data on the"in;ermediate and late phases

2
w

2.2.2.3 Late Phase
Tvd ﬁice 1rfadiated to lo.dy qur&ivgd at 52 yegks'f

after ‘irradiacion, ‘at which time a final scan ‘was‘

perfdrmed. The following valués were obtained:

Animal R R-lung | ' ~D+lu&éf
C Ny elglem’) . Fg ‘p (g/em?)
1. -492.09 0.508 " -373.27 0.627
2 - | ~486.52., 00513 -342.78 0.657:"
. \ . L ) v ) ; N L

¥ [ R "‘ : ) .
trol density‘yalqes at this time,

-540l95  0.479. ° -517.48 '0.483

S

¢

Ihugﬂthe density ‘elevated with an appearance as shown

Bmice showed slight sgructural
. + . ‘ : )

ne of §he
| ng régodelling;l For both ﬁiée
the left ,1ung>;§as more ‘affécged"thén'the”fightf"The
reaséns for this right—iéft ,asyﬁﬁe:éy‘va;e not clear,
alfﬁdugh it 1is kﬁbwn that sffuctutaily» each side is
diﬁferent in the 'nuﬁbér .andv,size'fof' codpbnéﬁt‘ iobqé.

These mice were subsequently sacrificed and preserved for

analjsis. 6§  immonufluoreécence  CO'Q quantify ﬁolla%en

4

. gﬁosition during late fibrosis (76).
ae R : :

t

R : Y

[}

N
5

‘\55'



.Fig. 2. 23 CT scans¢gf two mice irradiated to 10 Gy

; ' 52 weeks after irr\}iation (A) ‘mouse 1,

o (B) mouse 2._Structuralvchanges‘are

s : 'lapparé&"t only in (A).

66




s

indicated a very poor correlatibd

'2.2.3.2*Adrenalini *3’ ed;Changes

.S‘,f

2.2.3 Comparison with Mass Measurements

2.2.3.1 Radiation—Induoed Changes . o

No increases in density were found at 6 weéks after
1rrad1acion; the time at which an increase.in lung dﬂks‘
had bee&%reporten (102)l AAssnming a constant lun31Volume;
an 4increase | in ﬂmass ‘was. .e%pected to produde a

corresponding increi%e'in density. However, a comparison

of mass 1ncreasqs with CT density increases forzbﬁmice

‘irradiated to 11.5.6y at- 17.5 weeks Awftupt irradiation

prob%bly‘due‘to ﬂifferencee in 'ﬁ. ‘ﬁdegﬁﬁty 'ofk
. '='V’. f &B .. ’ E ’. P . , ’ N X i
excié%ﬂ lung 1n comigly pwith in*vive

v »

*was made by *inducing changes 1in

o

A further compaffs-
lung den;ity in a more .controlled way, nithonr’usingA

radiation. An 1njebtion of adrenaline prodnces edema in

the lnngs within minutes, tb*ﬁr increa'sing lung densityv

‘(94). Mice which wvere inject&ﬁa sacrificed and had‘ their -

lungs weighed showed . aﬁ'increpse in 1ung mass relative to

control mice, and this effecc 1asted abOut 15 Jminuces.

:E?%ér ”thisﬂ time;:igne edema 'began to clear slowly. ‘In
'order to obtain ‘differenr‘l mass 1néreases; various
concentrarions,rof adrenaline.bwere~‘injected ‘until rhe
'desired ranggﬂbf ‘lung mass: 1ncreases was achieved Ihe

_concent‘,ﬁion of9 adrenaline, (Epinephrine Hydrochloride |

» E
.

Solution, Parke Davis lmg/lml) waa: varied between ‘0_071‘
s » L

. f | . o 67
: '"”1kwf

K §pari£y is.



mg/ml and 0.2 ng/ml. Thirty-aik animals were used in this

experiment. ﬁ&he dose, normalized to the animal body mass,

varied between 0.69 mg/g to 1.58 mg/gﬁ The .animals wfre
. @ " . . Sl . - )

" scanned -before injection to obtain control density values.

Then . the animals_ received the adrenaline inje@fion into
IR * ; : :

‘the thigh muscle, -and wereoscanned immediately aftefﬁards.

5
Two to three CT slices through lung were obtained and&CT

data were Calculated in t}b usual manner. The aninals

were Subsequently taken from the phantom and sacrificed.
immediately so that the total time from time of injection

 to time of death was less than 2Q minutes, 1i’e. within}

‘« .
the time that the adrenaline effeﬁ% Ylasts. The eicised

5

wT@Eungs were weighed and the E#Es increase determined

according to_ the assay developed by %harplin and F:anko’

(102) ?his mass {ncrease was then compared to the
B g R %} .

3

[

The increase in CT densiky is relative to the méan for the

in—vivo incwse in CT density for individQ ‘animals..

[

controls (0 475 g/cm®) -and " the increase 1in mass is
: o]

relativa;f.to baseline lung mass calculated ,for a
N v‘(. . .
"standard mouse” weighing 21 gm (99). vcomp"ing . the

percent increase 1in post—mortem mass. to the percent’

increase in in—vivo cT density andv nalysing' the data
- _— 28 L= 4

lneing linear regression, 'a’ correlation coefficient of 0. 7
was detefmined. Assuming a constant lung- volume, a

atraight' line with an 1ntercept of 0. .0 and a siope of 1.0

. 68

was expected, but not observed. A 257% =increase in . maSSJV

<

';Qa\onlv';increased the ‘density by 62,‘ whicb can only be

& l‘ : . . . o g
e . , - 5

ol
A



detegted with modest (67%) ‘confidence by CT. The

69

measurement of mass, although invagive, 1s a more

sensitive indicator of lung damage since the entire lung
is. sampled.’ The CT tracing procedure avoids the pleural

boundary of the lung, thereby ex dihg ‘possible pleural

o wodol
changes. The density increase whiéh AOften occurs  as
1ocalized ’ patches . (see Figure 2. 17) is thus
, underestimatedg; Aifc £t 1s specGlated that the volume of

LY *'é“’

Xy

flung changes with the adrenaline (and ‘possibly with

ir ﬂiation); ‘and'that a comparison of changes in mass to
A —_—

na ¥ 0..

’Eﬁ anges 1in ensitz is not possible <without' simultaneOus

measurement . of voInme.‘ Furthermore, there are reasons to

& R Lk
iy

. ' o . . ¥ A
expect that'suchmchanges will eeftainly be _different in
0 [ ) : g

# _ e a &
excised as opposed to‘!g-vivo lungs.

2.2.3.3 Volume Measurements ) .
In inanimate objetts of regular shape, it is
possibile to obtain accurate measurements of §olume by CT

scanning a series of-contiguous.slices‘(see seetinn 2.1.6

ot

and (10)). In the live mouse, this is much more difficult

due to voluntary and respiratory movement . of - the 'mouse,

7/

and the variable shape of the lung from slice to siicef

It 1s equally difficult to obtain reliable volume

.

: , - , > :
. measurements ex=situ due to problems with‘excision-—

"possible leakage of biood or"air, . ahd the dif?iculty

* - L v
measuring the small inume«using Ar. imedean methodology;

A I

Nonetheless an attempt wasamade,
- . ' O Co T e TR

‘orrelate density and



volume measurements by CT with mass and volume

measurements ex—sitﬁ.' Measutemeﬁtﬁ were obtained on 16
mice }rradiat;d to v8 Gy at 6.5 Qeeks after irradiation.
The daté are plotted in Figure 2.24. Tﬁe method qf
obtaining lqu volume ex;situ was‘as fdl}o;s. The exciéed
lungs were tied at the bronchi to -avoid the escapé ofm air
and were immérsed vin a vial with saline. This vial was
wgig%fq,flgpgs were femoved, the vial wég :refilled with
sali;g ?g;in,jand weighed. The difference between these
two valﬁééagave the aig volume according to Archiﬁq&éé" 
prini?@?%%? The lungs were then removed, brbnchi cﬁf éwa*,

5 o My S
and weighed. This welght diﬂided by 1.05 (tissue density)

¢

‘gave §$S§;issue voLume; The ex=situ lung volume then was”
? o —

the sup'df'tisSue volume and air volume. If both methods

Y :
measure volume.and density alcurately the values would lie’

on the<equalﬁvolume_and density lines. -vHowever,'ZVOlumes

Y

as measured by CT were lower and CT measurements
consis;ehtlyfgave higher values for. density.

-In order to improve accuracy, larger animals such as

hY

rats :K&p}égdesDawléy) vere used for mass, volume, and

densiﬁy measurements by CT scan and eg—situ measurements.

The rat 1ung> (2-12ml1) is more than ten times greater in

volume than mouse lung ( 0.4 ml) as seeq'in: Figure 2.25.

5

Agreement of in-vivo and ex-situ measurement of lung, was

better for rats than for mice, but CT density and «wvolume

values were still generally higher. .These differences are

. : L : ~ . T
_too large and variable to -be explained by systematic

-~

3
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differencés in data acquisition or analysis by‘ Hoth
methods. Lung volume and density are ‘highly dependent oe@
air content (v;ntilation) and blood content (perfusion) in
the lung which in turn 1is, relafed vto blood pressure.
These are much diffe;ent in the live brgathing animal than

in the excised . lung (42); . this 1is the most likely

explanation for_discrepancies-observed between the in-vivo

73

CT and -the ex-situ measurements. Since the air content

was controlled 1in our éxperiments by sealing off the

trachea’ differences 1in 1lung perfusion were fu:ther_

-

o

finvestigéted. - o - /

In order to test whether a change 1in blood pressure

affects lung density, the following experimenf{ was

performed. Eight mice were anesthetized  with ~ an
Aintraperitonealy“ipjgcfion of Tribtomoethan?l.' They ais%
rgceived an '1njectlbh‘ of’ 0.2 ml of an anticoagulant

v . . .
(Heparin Sodium, Hepalean) into the thigh®muscle. 'The&

were then‘sdénned in. the 'uSual.imanher. When mid-lunA 

N

8lices 'were reached, the animals were  bled from%xhe.
jugular vein and re—scanned‘immmediat%%y. ‘Mice. bled . by

various amounts, but. all vere still alive at the end of

. ’ - : x ' .
the experiment. Three control mice were also scanned;

\

these wmice received the same injections of anesthetic and

.anticoagulant as the,expegimental animals, but were not

"bled.. These mice had \slightly higher average 1lung
. . RS ~ P T

~densities (0.512 g/cm?) thah the oontroi.value established

in earlier work (0.475 g/cm’b.




A

A definite decrease 1in lung density from baseline wasélib

produced when blood pregssure was reduced by bleeding qhe”lef

animal. These amounts varied from a 9% decrease to a 672

decrease depending on blsod loss. This effect has already o

been reported in dogs (Alj. Therefore, the loss‘of blood
and. resultant decrease in blood pressure in lung producf
vwhen the lung is excised from the body, explains th; lq’
density measured for the excised lung as compare%
in-vivo CT densities. At present,' The CT measur -

‘gives <the most accurate value for in-vivo 1un§*geggiey.

Any method measuring density and volume 1in excised, lung is

»

therefore subject to a systematic error because of blood
v logs duringvexcision. This conclusion; however, does not

invaf@%ate any experiments performed measuring post mortem

&
B

'
changos because relative (Z) changes are usually measured.

L

&

Such changes are independent oj the absolute value of the .~

Al parameter being measured. » /

An attempt was made to correlate the blood\<loss i:fﬁa’nd

the decrease in CT density. Mice vere anesthetized and

L
| bled from a vein near,the eye, where the blood ;could: be
tahen; up in a syringe and weighed. This first attempt
. failled as the ‘anestheti;ed mice  showed 'patchf density
increﬁses ‘throughqut the lung, and it'wae-not‘possible to
- ‘neasure an accurate decrease 1in. density. 'This.‘wasw*in
. ‘contrast to‘ the . previuus ‘exp:rinent,' where micefihad_
nd' Q received\a hepariﬂ‘inﬂettbon in, addition to the ad:;thetict
‘?

'and a.\slight hgmogeneous density increase, had been



obaerved. - ) iiﬁ'v  Cy

2.2.4 Conclusions o ' . _ S

' ' . S a BL

This part of the stu has 1nd1catad that an increase

in_‘denoityf“of nouse luJb caused by 1rradia:ion can be

7 .

detected easily by CT acaoning. The time course, of the .

B

donsfﬁy changés, the time oféSeak‘tespoose;\and the doae

[T : ' . »

"dependence cor}espond well,ﬁitp §h7 histologicalo findings: -
(116). Therefore the CT scan 1s a good 1ndicator of the

changes occuring during the ‘acute response of the lung to
\ ‘ .
1rradiation. Indeed - a change of more than 402 in lung‘

density isupredictive of mortality4 Moreover, JCT data'v

were 'obtained weekly from the same animals, so ‘that théy '
; N
. \ . 3

served as their own controls during\ progression of ' the

effects. This‘ oon—invaaive- techﬂyque~ has an advantage

;oA -

_over other approaches in which ~dac4 ‘are obtained‘ fro&

different,(animals by eiciaing the ‘lung post—-mortem. As :
. » ] ' . , = o \ . . .
well CT densitometry gives the most accurate “7@1ue‘*for

. ! . .Il - N
‘in-vivo lung density. This non-invasive metLo,“cduld be - @
—  cou :

3 L i

applied to,mOnitor 1uhg~tiasue damage'ip patien S'Who have -

convéptio+ﬂ‘; e

:iLutéﬁﬁé

kecei;cd~ radiotherapy. In “¥act 1t has already ﬁaen=‘ 
- ‘ C : R S,

démonstrated to “be '“ad&ancageous&’ ovel

-

“di°8raphy in fhﬁ{?ard (79,89).  ‘In o

have designed SuChlyo fclinical study _ufor” oatiénig},
Y * o SRR I
. * .

are’

\receiving upper half body tadiotherayy Reoults

'presented in section 2. 4.




. . o ( N . . . . . R Tl .
\;/}2;3 Experiments’ with Dogs o o o '

section proyed useful ‘in establishing th€‘validity bf CT
‘

2.3.1 IntrOduction\ ' . o : L ‘/;

i P ' . | : .
The- studies with ,mice teported in the previous

densitometry as a method of assaying lung damage‘ in- vivo.,

However, several difficulties’were encountered due to the

small size of the mouse lungs, including the~definition of

]

‘>experiment3/with a larger animal was desirable‘iin‘ order

LY

fin—vivo diagnostic' tests, Such as’ standard X radiography

. o
g @

analyse the lung sections in order to correlate the extent

S

v

the ‘ectual lung volume.lh1To‘ overcome these problems,:

‘to} (a) sample a 1arger volume of 1ung, (b) study changes

'near the pleural boundary of 1ung and (e) compare to other,”

and nuclear' scintigraphy. “ _Forj  the ,intercomparison‘
;studies,- he animal was sacrificed as soon\as the dog was

fin the pneumonitis phase and all tests .became abnormal.'

fﬁistology and | electron ~microscopy were' aISO used to

and‘-severity of lung damage with the diagnostic findings.m

in the number of animals that could be managed.,TThus the

e
>

time course of pneumonitis; was »studied in individual

' rather than groups of dogs. '~

2.3.2 Irradiation

vThe only limitation to the dog study was‘ the‘ restriction;

“Ten dogs vere irradiated with a single dose of 20 Gy

N

- to the mid—lung,‘in' the inferior zone of the right lung]



l ~.

only;' Two dogs were irradiated to a lower dose of 10 Gy.
S IJ\\- { | e . - !
The:‘\Cobalt-60 x«irradiation . was . delivered ‘ with a.
o ‘ v / |
parallel opposed pafr' of 5x7cm . ie7ds-rt0‘ achieve a

uniformity of approximately 101 in 1ung\dose The dose

was chosen high enough so as_ to produceﬂfa' significant
- VR

likelihood of damage in a restrfcted volume of 1ung,vbut

’

irradiation.dé’heart orT mediastinum as well as esophagus

was ‘minimized _ This\is\significantly different from the
irradiation protocol used f the,mouse work..

S e
2, 3 3 Diagnostic Tests ST | S
The animals were mongrel dogs of both sexes with fan
average fbody weight of‘21 kg.; During alA procedures thev
dogs were anesthetized with pentobarbimal/%%ﬁ’ﬁg7fg) lying
,supine and~breathing*spontaneously. Besides CT scanning,

nconventional X- radiographs of ‘the dog lungs were/.also

vobtained. ~ In ddition,/ clearance of radioactive sodium

- ,pertechnetate (TcO ) aerosol from lung, ‘and lung perfusion_'

+

using, 99mTc labelled" macroaggregated albumin ' (MAA)‘

'scanning were monitored using tandard‘ nuclear medicine

\ instrumentation. Details" of,»theseV_nuclearf_medicine
sstudies are reported id/a separate thesis submitted by,‘Ip

ahmed (Department of Medicine)

L /
\

! " The dogs Were CT scanned every two weeks starting at
1 g .
\ : .

'3\ weeks post*irradiation. Pre irradiatidn ‘'scans were

ohtained]and_servedwasfcontrols. A digital radi%graph‘(or
| ; oy o v LA . - - » ‘
"sﬁout sgan") of the thorax was first performed for-

\ B

\

A E , . ' . ) R s . - O



4

Y

o

positidnalvvreferencing dith ‘respect to the“~area of

;irradiafTﬁﬁ‘ Approximately 10 12 slices,;each lcm thick_

K

78

vand spaced 1. 5cm apart were acquired in ‘otder ‘to 60ver the

LR

t

'?complete dogg,lung from apex to diaphragm.‘ In each slice’

A

the. complete lung area was outlined for 1eft.>and 'right“p

lung, ‘and. the average, density calculated therein. ,The

.

best correlation betwee& traced area and true area. for dog .

vlung was’ obtained at a 1eve1 setting of" —370 Hounsfields.

T

A window setting of 100 Hounsfields twas' used . although

\

this setting is not as critical.’ The area of interest was(

-ftracedgas close as. possible to the pleura of the lung. An

0y r

example of an irradiated and unirradiated dog lung and the“

»traéings arewShown in Figure 2.26.v-hk

In the dog there is' an intrinsic density gradient_3

‘.)

frOm--apex t0/ diaphr\r m .as ‘we11' as :from.‘anteriOr to

rposterior preﬁumably due,'te blood pooling caused"by‘

N 4

‘gravitﬁ. ’This gradient 1s apparent in Figure 2.27 where:d

.'NCT is plotted as a function vof' distance~ from fapex to

kX

diaphragm, relative to . the sternal notch at 0 Tm A-slice'

. ‘

;near the apex and one near_ the diaphragm 1s- showng.ini

T

l‘b‘ . ’ . Lk ; .
,orial manner.v The denser areas are more vascular.

\\_

The right and left lungs do not’ have the same shape

Ny

and longitudinal position in the thbracic cage.' Therefore

‘nthe left lung slices ~at ‘the same longitudinal position

could not _be used as controls in these experiments evenn

—~—

) _though they'were L%yirradiated.' ‘In 'thelbinterior zone,

vFigure_fZ.ZS;_htod demonstratel the density gradient in a



Fig.

2 26 CT slice of (A) a normal dog lung,

(B) a dog

lung after 1rradiation. An area of interest

o

from which N is calculat 3 is traced.»

CT

Tk
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Fig. 2.?8“CT;ince'of(dog'ludg (A)'néér the apex,
(B) near ﬁheqdiaPhragm'

81"
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tﬂere 18 an additional problem dde to the diaphragmvwhich‘

interfereavwithuthe left side "lung"” sliees, Figure 2.28.

! ‘

procedure depends upon the techg TR The X-ray tube

voltage was fixed at 1zormf;“f;,i » rrent and pui&@‘

width was. varied depen size of the dog.

Representative maximum doses measured at the dog skin are’

x'

shown in Table 2 10. These doses were heasurqd using a

specialized air ionization ehamber (112).

-

P

-

Table 2.10£'Radiation dose to dog lung and technique used

;ddring the seanniné3procedure

g > . C

T T T B
Dog. 1l i: ;!:(‘ wag 2‘ )
Current R - 160 ma IR 250 ‘ma i
vNo; of.pulses/scami 576" ®. S W;STG ‘
Pulse width 3.3 msec / 3.3 mAs'/'e.c .
scan time B 307 mA-sh- : ‘480_m5-s

Dose * ' 2.17 ec6y | - 3.69 cGy

2.3.4 Results

As noted earlier, ten dogs vere’ irradiated to 20 Gy,‘

while two dogs were irradiated to 10 Gy. Pre- irradiation

scans were performed on the dogs to establish control
values of density. Typically the inferior 4 slices of the

" right lung were through the irradiated =zone. .- CT number

RN

¢

The radiation dose received during each scanning‘



L}

values were averaged for these slices only. Lung was
\

« "t .
outlined in the same manner as with the mice, and an
- Lol .
average density for the slices was calculated. The

control values were obtalned for the same volume, of lung,

prior to irradiation. Control values were also obtainef.

in a different way*%y sampling the unirradiated left lung.

~ .P’

Thus, at each scan time, a walue ANCT e CT(left) -

N T(right) was determined. The data analysed usi g either

the pre-irradiation right lung scans,

left lung scans as coqitrols gave similar results;j\ Only

'the‘ results)obtained using . the pre-irradiated right\TUngs

e

as controls are reported here. .

83

The average CT number for the 12 dogs was -753429

which correspondsv ‘to a density of 0 25+0 03 g/cm3. This
value is- considerably less than that of mice, and much
closer tb values reported for humans (129) "The‘CQZnunoer

) andadensity“values fqr,tne individual dogs' are shown: In

i

aFigunes 2,29 "A,B . and j2.30 foru different - times after
=y C i SR ' |

'irradiation. For the dogs irradiated to 20 "Gy, one dog

,/

showed a significant increase 14 density as™ early as three

Weeksfafter irradiation- (C—§68). Another dog (C 694)

showed a significant increase in"density at & weeks: Two

~dogs .died of unknown causes before tests became abnormal.
of _the{‘remaining dogs,b_all but one' (C 566) showed

3

significant changesy by -1Q weeks , after irradiation.
) » . :

Infection was ruled out “$ince ddgs, were given weekly

injections of Penicillin.



IRRADIATION OF INDIVIDURL DOG LUNG

TIME AFTE lRRADlATlON  weeks }

"Fig., 2.29 A,B Average CT number (ﬁéi)‘qu each dog

irradiated to 20 Gy.
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C\/ O0f the dogs irradiated to the lower dose (10. Gy) one
showed a asaignificant density incrpase at 4 weeks after
irra%!ntion; which 1increased fﬂrthet at 6 weeks Dbut
returned towards normal at 8 weeﬂ(( "After this time this
dog showed normal results on all teits. and it seemed that
the early effect had teablied. This supports the concept
of lung repair. The other dog became abnormal st B8 weeks.
Both dogs were sacrificed after ten weeks.

The onset-of r;diation pneumonitis seemed to occur
earlier in the dog than in the mouse. Because the animals
were sacrificed when tests indicated anormal values, loﬁg
term follow-up was unavailable. Therefore it 1s not kpown
whether the initial pneumonitis phase resolVed, and If
severe early changes are ﬁ?edic;ive of severe
complications in the later portion of the acute
pneumonitis phase.

‘The earliest onset of abnormalityAas observed on all
tests, is shown in Table 2.11. VA visual inspection of the
dog,C% scans was done by an experienced’ lung radiologist
an& vzéuaf onset of‘abnormalit{ was reéorded. The values
forféhg radiocoaerosol and MAA perfusion ’sgaq as well és
those fort X-ray were obtained‘ from I. Ahmed (private
communication). In this study, the objective was to see
which test was the earliest indicator of radiation damage
to lung. It is seen that a visgal inspection of CT images
is advantageous because of.oﬁerall pattern recognition of

damage. ' However, visual CT is subjective and varies with

86



experience and image viewing conditions (e.g. level)y
Moreover it is ot useful for quantitative follow-up
studies. "CT densitometry is more objective since it uses
"absolute”™ CT val;el. but strict criteria for the tracing
procedure, level and window settings and Dboundary
dofinltion‘mu;c be established. This method of averaging

CT numbers, however, dilutéo the density increases, which

can occur in very localized patches or near the pieura.

Table 2.11: Earliest onset of abnormality (weeks) in

q

dog lung as observed on various tests

(M.Sc. thesis I. Ahmed, U of A) -

Mog Radioaérosol MAA X-ray CT
(clearance) (perfusion) “visual density

c-566 2 9 8 6 -
c-526 2 I 7 6 6
c-577 1 7 10 5 8
C-694 2 9 9 4 4
c-620 2 14 . 13 10 10
C-564 6 - 11 10 10 10
C-568 2 4 4 3 3
D-119 3 6 6 - 2 4
D-134 4 6 .7 7 -

Mean 2.67 8.00 8.22 5.89 6.13

B7



,’ﬁl‘

The CT wscan 1is expected-to E’ superior to conveuntional
x-rndtogr‘pyy bcéﬁucu the superimposition of structures ie
avoided. CT 1is able to detect smaller differences in
dansity, both of emall lov-contrast focal lesions and of
more global increases in the density of the homogenaous
structure. Therefore obtaining an average donulcy' for a
slice of iung should detect such changes.

The earliest ifndication of radiation damage vas shown
in a change 1in clearance of radicaerosol. Visual and
quantitative CT showed changen‘3 to &4 weeks later. The
MAA perfusion scan and conventional X-radiography were the
last to indicate ch‘nge; 16 lung at roughly 2-; weeks
after the CT results. In this stud; the MAA perfusion
scan was not an early test for radiation damaggﬁ” as had
been expgcted from the work of Prato (86).

*
2;3;5 Limitations

P ¢

As shown previously, the density-of dog lung 1is more

-

vqriable than 1in the mouse or human, with a gradient

88

towards hiéher values from apex to diaphragm, the lower

lung being highly vascular‘as'ehown in Figure 2.28. This
makes the tracing procedure more difficult since we need
to eiclude larée blood vessels.

Radiation chapges were observed mostly néar the
pleura, and may be excluded by the CT averaging procedure.
Tperefqre, the CT pumber averaging procedure used here may

» ) e
be a conservative estimate of true'damage%’ Furthermore it



! . . i .
.. . . , »
is difficult to judge positioL of the .irradiated zone from

89

scan.rto scan—~in a dynamic organ . such as the 1ung. Skin

markings mark the area on-the dog, but the lung  seems to

wander in and out of this mark Figure'2 31. Irradiation

,of the entire dog lung would aVOid some of these problems.

<

Another nknown factor is . the short term .and

long term effect of anesthetizing the dogs weekly 'lt has

been pointed out by Hedlund et al»' (41)rthat atelectasis.

'-may‘-occur Jin ,lung of anesthetized supine dogs breathing

/,

‘spontaneOusly.' A 1ong time wa< required to perform all

i

“tests SO 'that the dogs would %e scanned following these
. \\ ’

tests after being under the influence of anesthetics for 8!

i R . )
hours.. There are . probably some effects due to the

anesthetic, observed occasionally as denser local “~patgches |

I _ , S .
in éhb lung, 9uggestive” of : lungvcollapse. Anesthetic

administered just prior toACT scanning had produced such
.an effect in mice (section 2.2.3).



Digital'radidgréﬁh ("scout scan!) of dog.

.‘thorax.kThebboundaries.of~the,radiation

field :are marked{by positibning,cLifs

on skin marks.

90



Z.AVClinicalgStudy in Humans

2. 4 1 Retrospective Study

Iin order to determine whether a- densitometry study in

§

humans would be useful 70 thorax CT scans: of patients at

91"

this Institute were analysed retrospectively Large blood

vessels ~and obvious carcinomas 1in lung were excluded'

-

during the tracing procedure. 'The‘averagevCT number‘%fotj

lung for 52 patients“(of both sexes, . aged SO.to 80ﬂyearso

was found to be -803.15134}87H which corresponds to a lungf

density of 0.197 g/cm .. These patients were scanned while‘

holding their breath at full inspiration)',this reproduced

the” lung volume “for serial scans and also reduced motion'

-

N artefactsr; For each’ patient there were usually 10 gto”17

',slices, each 1. D cm thick through 1ung. These densities

“are lZZ higher than those published by Van Dyk (129) for ;

this _age’ group at full inspiration. »This may be due to

‘.the fact that Van Dyk excluded patients with carcinoma “in

'lung,‘ whereas 'in our study these patients were included

falthough visible tumor was circumvented during the tracing

'procedure.'

Three cases have been selected ‘to ’illustrate “how

’quantitative CT ' compares with oﬂuﬂ’tests such as. visual

'interpretation of thew:CT ‘”scan vby"'au; radiologist,

g conventional" ctiest X-rays, and bronchoscopy- All these

_cases had tumot -in -lung. Relevant clinical data 1is. ..

summarized in Table 2:12;.. CT ‘scans ‘at different times
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beforeland,after;radiotherapy'were.available for eacht,of'

'thesepcases. | | ‘ | | o :
Case:I; The first CT. scan was, done 1. SFFQWeka prior

to radiotherapy. The second and third scan uere obtainedw

Ce

Cd8‘ weehe and? 21 weeks 'after 'a -completed fcourse ’of:
‘radiotg’rapy.‘ 1cT“7&hm£ér: data; plotted as a. function ofl’
l*‘longitudinal position in the thorax, are shown in Figurefw
: 2;32e'A B, C.Vh lhe. orig}n/*is< at the sternal notch.ifThe
\longitudinal border of the r@diation field is indicated in‘
VdFigure‘ 2 32 B C. The lateral boundaries of the radiation
l1field have also beenvtaken into account. “Thus only that‘f

'part 'of' lung which lies within\these borders was' sampled

in each slice to obtain ‘the cr number data.,r_'*

L S |
In the pre irradiation scan (Figure .32 A)  density

values 'in\ the left 1ung and 1ower right 1ung' re'norma1.=' s
. AN

:4Density values in the upper right lung (which cor:espQEdE‘
toh’theb'position of the tumor) are higher.; Obvious solid\\\
tuuor patches‘jinv this area werer!excluded vduring :he;
tracing ) f:'the lung \%rEight'dueeks.-afterzradiotherapi

:(Figure 2 32 B), here is an increase in‘ deﬁsit;" inf:the"
‘left lung throughout the area of the radiation field.ann fi

.“the:right‘lung, at the position of the tumor, there is ' a

'decrease,‘in density fin:'some slices -and an‘increase in
others. Data in this area i\\difficult ;d‘ interpret.}as;
kthere‘::iS‘" radiation danagev superimposed ‘upon tuuor

fregression. ' However, .there-his a definiteu radiationf

e

-*vf reaction in the opposite normil left lung. Theseifindings"
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/ :
: . / s : ,
are confirmed by visual interprktation'of the CT scan. No

recurrent disease was detected by bronchoscopy.

96

Twenty- one weeks after radiation therapy (Figure 2.32 -

c), the radiation change in the lef**lung has resolved'

somewhat although density values have_ not' returned to

normal. There 1s a further decrease in density in the

“right’ lung, indicating- further clearance of disease.
o : ’ : , S o
However, ' normal density . values are - not observed,

indicating‘residual disease”and/qr~superimposed radiation

‘"damage. These findings are consistent with the

radiolagist's interpretation of the;CT scan.

radiotherapys W,The'second and tlird scans were obtained 5

Case.2: The firs;qscan was.done one week -prior to-

“and 20 weeks after the end of radiotherapy. The CT number“

2

data are plotted as a function of longitudinal position in

the thorax 1in Figure 2.33 A, B, C. Fiwe weeks after

radiotherapy, CT. numbers are slightly higher in the right7

lung. The tumor in the left lung -seems to have clearede

but the lung tiSSue is of higher density (O. 28 g/cm3) than

ﬂormal, indicating possible“radiation damage.. No;tumor is

. detected by"visual» inspection of the CT scan or on the

chest X-ray+ Twentwaeeks after radiotherapy the. density f

throughout the .right 1ung remains the same. ‘However, in

the left lung there is  an increase in density at the

Jposition of the primary tumor and within the radiation‘

field, relative to .the previOus‘scan...This could be "dueﬂ

to radiation change and/or recurrence of tumor,- on visual'

¢ £
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inspeqtion, this "haziness"” 18 suggestive of radiation
changes, but residual disease cannot be ruled out. Thus
the‘CT number analysis 1is cénsistenp ”with other tests,
particularly the CT image‘ inspecgion; Compariséns to
previous scans, however are essential for interpretétion.
The visual inspection of thg CT 1image is“subjective,
wheréaskquantifative CT is more pbjectiVe.. It% provid;s

information on the extent and severity of lung damage.

\

Case 3: There 1is one ‘clear case of radiation
pneumonitis. The diagnosis was made by the ragfoldgist

from the .CT scan ‘and confifmed Sy a pathologist. at
~autopsy. This patient received ‘'radiotherapy for
epidermoid carcinoma of thé lung to a HPse‘of 50 Gy in 25
fractioﬁs‘ over ;, period of 35 days. Two large fiele
(18.5%x17.5 cm? ) were used initially in a paraLlel—opszeE
arrangement. At - the end of.this treatment, a "boosting”
dose of 10 Gy in 5 fractions over;\7 days, vuéing"two
smaller fields, (16x14 cm?) was delivered. Two CT scans
were available for this paﬁient, .one .before irradiation
and another five and a half Veéké after treatment. For
fhese two scans, CT numbers areiﬁlotted as -a function of

longitudinal 1lung position 1in Figure 2.34 A,B. Before

irradiation, the CT number values in regions with no tumor

\

lie in the normal range, but after irradiation CT numbers

within ‘the irradiated zone increase dramatically.  This

effect 1is confined to the radiation field as indicated in

e

Figure 2.34 B. However, -an. unexpected result 1is also

<
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observed; lower  density develops in the unirradiated

lung. This s probably due to a compensatory effect

101

causing the undamaged lung to overventilate. The patient'

deceased eigﬁt and a half weeks after completion of
irradiation at which time all cligical symptoms of
radiation pnegmonitis were present. The appearance of
‘radiation pneumonitis in humahs {s shown in the CT scan of
Figure 2.35. This particular case 1s an extreme case
where radiaeion pneumonitis was clear;# visible and CT
number analysis would hardly be necessdry. Nevertheless,
the severe changes were apparent three weeks befdfe the

patient's death. .

2.4.£‘;;bspective Study

We expect.lenuqber analysis to be more useful 1in
cahés where the‘ entire lung isvirradiated and diffusé
changes may occur affecting the entire lung. Therefore a
study was initiated in order to monitor lung density
values at various intervals in patients receiving
hemi-body 1rra&iation at this Institute; The pétients
used_iﬁ/;his study were diagnosed with sdall-(or "oat")
;ell lung c%ncer which is one of the most aggfessive and

lethal tumoﬁgs (122). The treatment strategy may include

chemotherapy,' gsystemic and local - radiotherapy, or

J

|

]

combinations thereof (121,122).

°

2.4.2.1 Irradiation (UHBI) Protocol
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Fig. 2.35 CT scan of human lung (A) normal lung

5

(B) radiation pneumonitis in lung. The
radiation damage 1is conffned to withinA

the borders of the radiation field.



. i : : : . . . ‘
In ordé& to obtain the large field necessary for

103

.‘nppef» half—body irradfation:’the patient lies on a conch_

: o Lo TR N S , . . R
near the floor at a.. distance (SAD)Y of 200cm from. the

chest;_ ‘The field size is chosen largei enough' so. . as to -

source. . Arms are-at the side'ﬁith,forearms croSsed'on the -

enclose the‘ entire upper body superior to the umbilicus..

‘Dose is delivered with parallel opposed 6 MV. X ray fieldsi

o

,along ; .'the_ : anterio posterior ‘ direction. ’l Ihe

1

anterio posterior separation distance i1s measured in the

imid—saggital plane_;of “the upatient at 10 cm intervals

-

i

,calculated,‘and_is used in dose calculations.‘ A‘Shield'is

'starting from the umbilicus.J A,mean. separation is then

nsed'for'the entire lhng, thus allowing generally- higher'

LN

doses ’of} radiation to be delivered to the disease sites.

The typical field size is' AO 5x40 5 .cmz,' and - the totalp

‘dosev.of 20 Gy is delivered in: 8 fractions, the lung dose

. . r'd
.(uncorrected see section 3.2 of this thesis), is kept at

'~Gy/8 fractions at the position of mid- plane., The lung

'1shie1ds are beam divergent blocks of cerrobend'. 26mm = in

thickness (1 HVL 15 mm) construeted to match the

lindividual patient by shape.

2. 4 2 2 CT Densitometry"

'in~Figure,2.36y

Scans were obtained according to the ~schedule " shown
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~Fig. 2.36. Treatment schedule for heni- body

radiotherapy patients_

The actual time of scans deviated from thes; ‘nominal times

0 Y

‘because . of. difficulties in having patients comply to this

‘schedule; 'this group of patients is very »ill;i and * some

»

-tdeceased during the. course of study .
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B

During' the 'scanning procedure, o five transverse

”.slices, each 10 mm in thickness,‘were'obtained;thrOugh,the

thorax. The CT number data are recorded and Aaveraged ‘as

described in thev animal experiments (section 2. 2).. _The

sternal'notch is the reference. landmark, and anatomical

origin (fo“v'mm). Ihe' CT datatare presented in Figure.

2.37. The control density value is that _given‘ for = the

:‘ .

fnormal" patients of this age group as published by Van>'

_ADyk (129). -The  data are. plotted lfor the individual

3 . I
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IpatientSp-v with | right lung'r(R)“and ‘left lung (L);

106

'separately Two of the patients, (S), had surgery  as welll

- andb one - notes‘lthat the remaining good 1ung is of lower

dénsity,i resumably expanding in order to compensate for_

the missing 1ung._

For all patients there e .an"initial 'decrease.'in

density’ which is attributed to clearance of the primary

;disease, as. seen repeatedly in the retrospective study

ﬂThereafter, xall values return to normal and remain thereu

‘for the duration of the scans. This is an expected resultg

since the dose delivered to lung (6 Gy (uncorrected) in &

fractions), ig !not" expected" to produce» 4rad1ation_

;pneumonitis.'. At"thiS~ dose 'level ‘ there appears to»be‘

e p.

/1i;t1e synergistic effects of radiation and chemotherapyu

‘Sincef'this study was completed the dose to 1ung has been;

: i

increased to lO ‘Gy~din 8 . fractions,;hy decreasingr ‘the

e

thickness of the lung shields for all subsequent patients,

o,'

with the intent of improving control of -the disease.: f\'

e
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'2 5 Summary - CT Densitometry

The CT densitometry studies are summarized _inﬂ~TabIe

Table‘2.13:,‘§ummarv of CT densitometryfstudies

nsneciesudeumber“ ,Sample Volume o ‘Doses", i"_'Obs‘er‘ved"Ch’a‘ng'es

Mouse 142 all 5= 14 6y 15 - 24 veeks
’_'Dog o ":_ 12 b lower right e 10, 20 Gv h 4>- 14 weeks

‘Human 'h‘ 3’ "irradiatediaone’., 60 Gy/30 fractions 5 weeks
“Human | 16‘“ o all f‘»‘~:‘>, 6 Gy/8 fractions none.

From the mouse study one notes that CT densitometry.-
'isd sensitive.:enough to, detect .the' histologic changes:
observed in lung during the _acute pneumonitis:.phase_ in ‘
.animals.:;:hfhev; time course-gsndbiseveritv ipf,ichAngéJ’
Vcorresponded‘to times.‘ofi observed”“microscooic.‘changegbé'
A_Even' though the mouse 1ung is very small _oniy 0.4 mi inrb
Hvolume, significant CT number changes were observed before
,anyg,visible changes(were apparent.s The CT number changes
guantifz radiation damage,f a change in densityd‘ fi more‘
ﬁthan 40% was predictive of death in the enSuing two weeksa
_Not'enough> animals. survived.‘;his‘ phase,, so' that ;hé‘
fibrosis »(iatesiqstage‘ ofd iung‘ damagenfcould'rnqt ‘be
i»observed.. Duevtoithe ‘lapge"number' of< animais“in'jthe

study, good statistics were obtained.
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~ From zthe dog study ‘it ‘appearsi “that 'radiation"

\

in the mouse. ‘Due’ to the fact that the:‘dogs received a

~

indicator,‘ But since there wa’s no long term follow—up vof
‘the dogs, 1t isf not.’known how well these early tests

wquantify later radiation damage.‘ Since . many' cell types

K

pare” involved in lung damage,-it is not clear whether the
) cell that indicates an early change in function will be

the cell \type involved in the. critical malfunctioning of

AN

T

'ppneumonitis‘ occurs'ﬂat earlier times in this species than‘

high local d°3¢. ‘to .the: lower zone of the. right lung, CTf
“ivisual"changes7~were observed as“ early ‘as- CT* number‘

. changes. - Radioaerosol 'clearance “was, an‘,even; earlier';

the lung during the clinical manifestations .Af' radiation‘
fpneumonitis. ' Long term follow up and irradiation to thef
‘entire lung w0u1d be desirable in' ordeT :tov investigate :

.which of ’the tests most accurately .predicts ‘a severe;';'

“feffect.;n the 1ate portion of the acute pneumonitis phase.,>

‘The ost useful test for radiation damage to 1ung may notlf

'ibe the earliest test but the quantitative test which willv'

_given information as to what level of damage will predict
‘severe.complicatiOns. In addition, ‘we' wish ’to' obtain a

dose~response  curve SO that doses to lung can be kept

£

within safe limits;v

In the’ human (retrospective) ‘study,, CT number—wla

analysis yielded quantitative information about radiation

)
. these findings agreed well with independent tests. In the

_‘damage as well as clearance or recurrence of tumﬂr,‘\and‘



A

anesthetic or the" tests per se have on the dogs.

human hemi- body (prospective) study, CT numbers indicated

‘ —— o
»initial clearance of~‘disease and remained within normal

, ;
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limits thereafter. This is as expected, since\,dose to-

I

} lung ' was too low to produce severe radiatiOn damage. In

subsequent patients, dose to lung has been increased to 10”

Gy/8 fractions in order to imqrove the "therapeutic ratio
‘ e :
of disease control to complication.p '

FUTURE WORK

Since much work is being done in mice, and radiation

_effects fin,'mouse lung are well documented it WOuld be

desirable to .folIOW"a"group f"mice irradiated ‘to

sublethal ”doses, into the intermediate and 1ate fibrosis

stage and continue the scanning.h Such a study is- now . 1in
: /

\-progress (Dr. Gv, Miller, private communication)

JFor.dogs, whole ”lung irradiation would facilitate

“the later response.’ A group of controls on whom a11 tests

interpretation, and# long' term follow up might indicate-
thichﬂbtest quantifiesv relevant radiation damage,. ande

v'whether the test showing a severe early response predicts.”

vare- done at the same time as the irradiated animals would_.

be necessary in order: 'to show. what.'effect " the weekly

/
j .
‘In the humans,\doseS‘are.keptvlow in order tlo ravoid

: radiation‘ damage to lung.; The Study is ongoing with new

HBI patients receiving higher doses. Butv many patients

are \quitef ill and very few complete the study.' Possibly

s
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/

A

apatients receiving mnch higher doses locally, using

mn}ti field irradiation, could be monitored.

\ From this work on CT densitometry of lung, the  ideal’

etperimental animal :to. use might,'be ~the rat, for_the

foilowing.>reasons: 1. The 1lung of ‘the rat” is

A

sufficiently large and_has_g.nice homogeneous»appearance‘

o

on the CT scan as shown in Figure 2.25.; 2. Rats ‘could i

probabiy, be well immobilized for CT scanning without\

anesthetic. 3. Facilities for keeping rats exist in many
laboratories and many animais‘could be USed in the study

to obtain data with goodlstatistics. As well, effects of

D

fractionation,.~ chemotherapy, and radiation response

modifying drugs need to be investigated to obtain reliable

,dOSe—response-curves.



3. RADIATION DOSE IN LUNG

.3.1 Introduction

‘In»many radiotherapy centres, radiation fields which
"encompass one half or the entire body are; used to treat
systemic or disseminated cancer. Total body irradiation

‘(TBI) “is used prior to bone marrow transplantation in ‘the
treatment of acute leukemia. Radiation doses Qo the total
'Abody in the range of 8 to 10 Gy destroy 1eukemic cells -and
also suppress ‘the’ immune response in order to avoid graft
. rejection.' Body doses of 1less magnitude (1 to 3 Gy) are
used to treat. radiosen51tive malignant diseases such ‘as
fymphosarcoma, Hodgkin's disease, and Ewing's sarcoma. (6,

3?;59) . Half- body irradiation (HBI) is "used to treat
widely disseminated and advanCed disease (120, 121), or as
adjuVant therapy for tumors nith poor prognosis. In. these'
cases, ,thejmain‘result is rapid relief'of,pain,vsometimes
within 24 hours, in patients with severe pain which-cannot.

be controlled evenn with high doses of analgesics; This
‘palliative benefit often continues for the remainder of
the patient s life. 1Imn addition,vthe tumor and metastatic
burden is-decreased, thus resulting in improved quality
and' quantity " of survivaI”*for ‘the patient. - So far,
V:clinical results‘arz preliminary for both.'TBI prior to
boner ‘marrow transplant andivfor _HbI but they are
encou;aging“<§7,100). |

| ‘Different treatment techniques ‘are used in the

L S



various radiotherapy centres. These differences occur in

the energy of radiation used, the patilent positiqening, the

dose prescription, the dose rate, as well as the use of

béam’modifiers such as tissue compeﬁsators and shielding.
Therefore direct comparisons of results are difficult.

'ThelﬂtechniQues used in North America ~ and England

(reference 59), and in European centres (reference 6) have

been reviewed elsewhere.

Patients receiving TBI or HBI treatment are often

112

sick ‘and,'uncomfojtable; 1t 1is desirable to give the
treatment - as quickly as possible . In bone ,marrow
\ : o . . R

;graffing,‘ the patient should also receive the marrow
transplant as soon as possiblép' Thﬁs, a single dﬁse at
high dose-rate (eg. 200 c¢Gy per minute) 1is Qore
desirable. Ho;evef,‘from radiobiology‘sbmdies‘this is not
optimum frdmlfhe viewpoint of normal tissﬁe recovefy, The
maximum fﬁefapeutié_patio (t.e. "kill™ of target cells

.

relative to normal tissue damage) is the goal.

Radiobiology studies indicate that the therapeutiec ratio’

may be ,greatef for irradiation at low dose-rates or for

ot

total dosé delivered in multiple treatment sessions

(83;84). All of the major organs subject to ra@iatibn
toxicity during TBI and HBI have capacity . to repalr
sublethal damage between dose fractions; this is often

not the case for the target leukemic or cancer cells. In

0

upper HBI, A;gg‘ lung = 1is .the dose~limiting organ.
Clinically, the discrepancy Dbetween practicality and
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-

radiobiological findings 1s only being reviewed now for

PR

"dose fractionation in large field radiotherapy (120).

For TBI to be effective, a sufficiently . high and

uniform dose should be delivered to the entire body:”

However, signifi;ant dose inh;mogeneitf will qccgr be@éuse
N of variable tissue thickness anA‘coﬁposition throughout
the body.. ‘Therefore achiéving .a :homogeneouS“ dose
distrfibution owver ;he'e;tire/hédybis a difficult physical
-problem. Sometimes it may be desiréﬁle to obtain higher
or lldwer doses tb variqug parts of the body depending on
the location of critical'orﬂpfev10qsly—treated organs.
Generally,bconventi9na1 treatmeﬁt machines are used
for these preatments.. In order to prddué; lgrge fields,
extended source—to—patiént disténceé aregﬁseh, while - dose
unifOrmfty is achieved with paralle1. opposed'vﬁeams.

Acceptable dose rates and dose-uniformity are .obtained

“with high energy X-rays produced in linear accelerators

113

(linacs) (1l). "In one institute, a specialized Cobalt—60

machine _has been designed specifically for TBI aﬁd HBI
(130).
For larger fields and distances, the dosimetry data

obtained for smaller fields may -not be appropriate and
l - . —

" must, be. verified (124). Disc ancies have been (reported

because of differences in backscattering, electron

as ‘ ‘
contamination, dose ratios (e.g. tissue-air ratios), and

corrections  for tissue inhomogeneities. The following

parameters are affected:



(a) Inverse square law

The inverse square law may not be appropriate because of
subﬁtantial photon scattering from the surroundings (e.g.
floor) and dose-rates m&bt. be verified 'at the large
dfstance.

(b)‘Tfssue-ait ratios and Tissue-phantom rakios

The independence of TAR (tissue-air ratio) and TMR
(tissue—maximﬁmxkatio) on distance to the source should be

verified. TAR's and TMR's are usually measured 1in a

. .
semi-infinite phantom: In large field irradiation, the
*

radiation field may ~be 1larger thaﬁ the body, and a

~
reduction in dose due 'tp scattered radiation occurs

relative to the "full” semi-imfinite- phantom. According
to. .Faw and Glenn (26)‘the'dosé débends on the field size

or thé phantom size, whichever is smaller.

2

(c) Electron contamination

4

Electron 'contamination of the- surface dose “due to
N ~

collimatoré and shielding black trays will be less\dﬁ a

~

problem since -the Patiént surface 1is further away froﬁ\\\\

- ~ - . . ‘
them. ‘However,_‘sutfacer dose may still be significant
because of- scattering from surrounding materials,

including backscattering'?nd‘scatterin in the 1nterveﬁing

114

. ,
volume of air. The position of maximum| dose dmax should

»

be verified. If sufficient backscattering material is not
provided behind the patient, the exit dose may be low and
that part of the patient may be underdosed (32).

(d) Ihhoq&geneity corrections

"~



Since in HBI or TBI the comﬁlete lung will be 1irradiated,
lung dose <corrected for tissue heterogeneities must be
determined accurately for individual patients. This 1is
crﬁcigl because Jtﬁe. radiation pneumonitis syndrome 1is
significant when the total 1ung.volume‘1s irradiated to &
high dose 1in a single (o: a few) f:;ccién(s). This has
ptov;n to be the mijor (and faté1)‘toxiéicy for upper HBI
(100). A siight increase 1in dose ptéduces a dramatic

increase in incidence of radiation pneumoﬁitis, but a

115

sufficient dose must be delivered to achieve the -

therapeutic effect.® There are several computational
methods available to correct for inhomogeneous tissues and

these will be discussed and validated in section 3.2,

Dose pertufbatlons due to bone “inhomogeneities at

megavoltage energiés are psuallyvsmall and neglected, 1in
HBI. . , S |

| At our Ipstitute, HBI 1is performed at a source to
patiént iSurface distance (SSD) of 200 cm and with a field

size dependent on the size of patient}< Dosihetry

l

measurements reﬁorted in thts thesis were performed for -

field sizés_up ﬁo 60x60 cm? and at small and large

o

distances /from the  source. A 6 MV lineér accelerator
(Siemens Mevatron Vi) isf,used for the HBI treatments.
Th$refore .most 'of the dosimetry was performed on tbig
‘treatment unit. Soﬁe measurements were also performed on

a Cobalt-60 unit as a reference "gstandard"” radiation.

.



3.1.1 Linear Accelerators

The‘qajor source of radiation for radiotherapy since
1951 has been the ﬁhoton eminsioni’(}-l7 and 1.33 MeV) of
radioactive Cobalt-60. However, in the last decade the
higher energy.x—radiation produced in linear accelerators
has predominated. The. penetration characteristics of
bigher energy beams are betterlauited to the treatment of
deep-seated tumota,,‘while sparing surrounding hormal
tissue. Ideally, éhbh\_a tumor should be treated with a
radiation dose that 1s zego at the surface, rises to a
maximum at the ﬁumor location, and  falls off rapidly
beyond it. For an oppoéed\ parallel palr of radiétion
beams as used in TBI and HBI, the variation of dose with
depth in a 25 cm patient for several Qf our treatment
machines .18‘ shown 1in Figgre 3.1. The more unifqrm dose
distribution 1$ obtained with the higher energy machines.
The 1location of maximum dose is deeper for increasing
energy. This is causgd by the "buila-up“Aof eleétrdns set
in motion Dby the incident photons. The~. dose at the
surfage and at shallow depths is affected"by ~low energy
electrgns ﬁfoduced by the b;am-shaping coilimating system
and any beam.médifiers (eg. compensators) placed 1in thé
beam (5,54,72,101). The dose at éeeper depths is greater
for higher energies "primafily” because of the decreaséd

attengftion of the .primary beam.

The high'energy X-ray beams used in radiotherapy are

- N

produced. when an electron beanm 'is accelerated to high

116



£S5 = 30x30 cm?
$SD = 100 cm

R ¥
o
J' '

s 15MV X-rays
o HMV “‘X-rqys;‘ |
o Cobalt -60y-rays

i ’ 1 : 1
| = 1 1

20 25

O
— qaen
N -1
O
cm—
n

_?ig.'3.1 Va;iéEiOn of dose with depth in a>wg6er
phantom fbr a‘parallél-opposed pair of
: radiaﬁion\fields (30x30 cm?). The

'unifdrmity“improves‘with energy.
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e

/velocity and made to'strikeea target wherejiit Lproduces

bremsstrahlung_ photons. vThe‘linear accelerator consists

/’of an electron . gun which. injects* electrons “into the

l,accelerator_ Space, and, a suitable target for X-ray

v

,production; The source of electrons can be -a hOt filament

or cathode 'in an evaeuated tube.‘ These electrons are

MeV in medical "linacs o Details of the accelerating‘

principles have been reviewed by Karzmark and Morton (57)

118

‘accelerated to a final energy of the order of 4 MeV to- ‘35;'

On emerging from “the accelerator the pencil beam in_

.

electrons is bent by an achromatic 270 degree bending

dimensions’ onto -a veryf'small "focal point"i It can be

%

used as such after scattering on a foil or: raster scanning

: <

Fa

to spread the beam -into a uniform electroncfield LA

‘magnet, Figure.3;2;g'Theibeam is »thereby focussed in 3

retractable X- ray target can also be inserted “iato the'

[

beamb'forv photon therapy. These photons produced by high
energy;electrons\are primarily emitted *in 4 the forward
direction ‘relative bto_ the. incident electron beam and an
inhomogeneous field intensity is obtained-“ This problem
is overcome by placing a "flattening filter in the X—ray

beam, as shown in Figure 3 2.';If properly“deSigned4such a

filter will produce ‘a homogeneous photon fluence;‘

Theg,output dose rate 1is monitored continuously by a--

system of ionization chambers. This system verifies field

pre—determined dose. A'light and’ mirror combinatiod are

)

symmetry and also dosimetry to shut off the machine for (a~t
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. used to indicate visually the area of the treatment field.v

120

A quality' assurance program is necessary to verify that,

these systEms are operating reliably Qg@rf clinical, use

-_(51 57)

V’

A primary collimator limits the_ maximumlifield size

' _which can ‘be produced for X- ray therapyr. The'actual

treatment field size is further determined by secondary

-

collimators‘ consisting of;tfour thick metal blocks often'g

!

" made of tungsten: " "There  .are support ’trays which are

designed to ’hold beam modifying deyices‘such‘as wedges,

.
N

tissue compensators,_and shields.

«

The Siemens Mevatron VI linac used in our experiments

:is powered by a 2 MW magnetron,,the accelerating structuregf

$

is 0.82 meters long, of . standing wave type.' The'isocentre

is at" 100 cm and the maximum field size at this distancev-

is’ 40x40 cm? (57) In ’this work, ‘larg'e'ields were
. 3 N

'obtained at a. distance of 200 cm frpm the source:
E ‘ ES;'» \

3.1.2 Cobalt-60 Unit’

In a Cobalt-60 unit used in radiotherapy ythe vsourcey

{

of radiationj'is:a radioactive isotope. A‘typical cobalt

’source‘contains approximately,278 TBq in  a volume of,IS

cm3, and produces a dose rate of approximately 200

cGy/min. at 80 cm'fromgthe‘source. “This sougce is‘placed

at the centre . of"a lead4filled steelvcontainer., During

treatment the source is moved Opposite an’ aperture so thae

<

the radiation "beam can emerge. Various sateguards hEVE‘
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been developed so that the source will always return to
ftheryshielded i off?* position in the event of a:machime

»failure;'

Collimators areeused tovdefine'the'field'siZeﬁ'and a
tray to hold beam ‘mddifiers"is also ayailable. " In. 'the -
exp\giments reported here, a. Theratron 80 and a' Theratron

78% (Atomic Energy of Canada) were used

3 l 3 Dosimetry
: The objective in radiation dosimetry _is ‘to measure

:accurately radiation dose at a point in -a phantom or in_

l;aifffor calibration. The—dosimeter“ should be small 'in,

order to. minimize the perturbation in the medium caused by

o its‘presence (4) . ”The instrument of dose measurement used'

4in. our’ eiﬂeriments was primarily 'the',air—ionizationv“
chamber. Houeye%, for measurements in a humanoid (RANDO) v

'phantom,‘this'dosimeter is impractica1J Thermoluminescent

v.ldosimetry (TLD) capsules were . used vinstead because they

can be inserted into small cavigies. Both of-these
’dosimeters will ‘be described briefly in this section.
3. 1 3 1 Ionization Chamber

. Radiation absorbed dose is defined as‘b
Dy mdEgy @

where 'va'i absorbed dose'in the irradiated medium

dEabs/dm'é the mgan energy imparted to a small mass, du.



< AR T ¥ .
“In radiation dosimetry using ionization chambers, the dosef

£
:“‘-a-.

to the medium is determined by meaSuring the ionization in R

a gas filled cavity introduced “into the medium. . The

principlesl involvedj‘are ~the Bragg Gray ;theory!and its

‘refinement% (4),'.ThedBragngray~equation, appropriate‘for

“smallf“chambers ig: v

= & s : DR v 2
Dm ~Q/m3 (W/e) 5. . E ( )‘
where. :
: _ v . . i
D, = absorbed dose in the irradiated medium g '
‘Qe = ionization charge collected- }

-m = mass of gas.

W= average energy exoended by electrons in'thé gas

to oroduce anmion_pair L
e = charge of thelelectron; (
32 ¥Mratio of the mass stopuing power of the medium

to that of the gas averaged over the energy spectrum

v‘for the electrons crossing the cavity.

In order to determine the absolute“‘absorhed ‘doSe the

quantities.vm,UW; e,_and'§2 vmust.be'known, and the charge
liberated, Q must be: measured. 'The‘mass'is ohtainedy{frOm _
ah‘knOWledge ,ofk the volume of the cavity as well as the
density Ofithexgas during the measurementw iGenerally, the
accuracy of ion chamber. measurementsfdforv megavoltage

photon radiation is 2. 37 (66), while - the 'precision 1is

’excellént (<0.5%).



Two (or more) electrodes of _the ioniiation ‘chamber

123

define ‘the ‘”sensitive ‘volume of the chamber and collect?

the charge produced by the radiation. If;'thev radiation

PR

consists of photons, these first interact with the wall

and“gasﬁ of the' chamber to @roduce--electrons.‘ These .
‘electrons,‘ then .interact through numerous _ Coulomb
collisions within the chamber gas and3'"strio“\'electron§

N

from,‘the‘ gas molecules. The result is . the production of

positive ions and "knock-on" electronS' which ‘can  attach
themselves to other molecules which become negative ions.

The electric field across the chamber electrodes:.collects

these ionv7‘§airs;  thus producing- a'chrrentw 'jhe

/

~electrometer attached to'the'chamber then ~measures  this
’ ' - HER ‘ .. o R
current (dose rate) .or the ‘total charge‘produced‘in a
. O .

certain ‘period (dose), as in Figure 3 3

In: practical “use, it 1is easiest . to . calibrate g

'ioniZation 'chambers in atlknown radiation field’Suchlas‘

Cobalt-60 radiation rather than ‘to determine ~all ‘the

'factors of equation_ (2). After such calibration,lthé

absorbed dose at a point in a medium 'irradiated ~with

Aradiation of quality X may be expressed as (49)

R

' where

R :-the ionization'reading of the:chamber+e1ectrometer

pair,

Nc': calibrationvfactor for the reference radiation
. N ‘ .
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(usually Cobalt-60),

N temperature—preésure correction for the unsealed

TP *

chanber.

The factor CA includes rall_ other factors neéassary‘ to
convert the reading for the reference‘ radiation 1htg
absorbed doseyiﬁ tﬂe‘mé&ium for th¢ r;diét;on enérgy beiﬁg
used. The overall uncertainty in this determination of
absolute absorbed dosé is 2.3% (49,54;665; ﬁainly because
~of  this factor. The ioniéation chamber has gréat
precision or reprdducibility ((OlSZ) and can be‘uséd dver
‘a wide rahgé 6f. phoﬁon ’energiés (10 kV ‘to 50 MV) and
fluences 110f3_fGy/minrto 105-cGy/min)'and yarioﬁs tjpes

. -
of radiations, including electrons and neutrons, for which

a different C\ fgcﬁof is needed. i
In our dose measurements é Capintec PR-06C: air
ioﬁiza;ion chambe£fVas~useda &The char;cteristics.of this -
) cpambef-“are vlisted .in‘ Tab%@ 3.1.“ This chamber ‘was
,.coﬁnecfea to a.qalibrated.elqétroﬁeter (Capintec]Model 192_:
'“““A); Measuremeﬁts"in tissue—eduivalent phaﬁkoms ‘werg
obtained with 'a 0.5 cm "bﬁild—up'.éap" in place. 1In
1ﬁng—equivalent‘cork{:the buiId—up  cap was removed in
order to obgefﬁerthe effects of eleétronic‘dLsequilibfium.
Under these gircumstancés,‘the diameﬁer of ﬁhe air cavity

was 7 mm, with a radiolbgical wall thickness of only- 0.5

mm' - > -

- o
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Table 3.1: Characteristics: of thé PK?O6C’air ionization

chamber

Sensitivity: 0.200 nC/cg; (typical)
Precision: © 0.001 cGy, cGy/min.
Chémber Matgrial: air equivalent pléstié
Active Volume: . 0.65 ml |
Diﬁmeterﬁ E - 7.0 mm - ‘ .
vLength: o] 22 um |
Wall thicknessi ~ 0.28 mm, 56 ng/cm?
| v
3.1.3.2 Thqrﬁoluminescent Dosimetry (TLD) ‘ /

y
TLD is a solid state dosimeter available in the form

of a loose powder, solid chip or rod, or

teflon-impregnated rod or flat disc. A thermoluminescent

phosphor has regular ‘cryétal structure, . but when
impurities',are included imperfectioné arise  in the
lattice. Energy traps arise from thesg imperfections, and

when ﬁhe phosphor ié expdséd to ionizing radiatidn, many
of thé freed electrons (or holes) become trapped at these
locations. 'Subsequent heating df the,crystal v%ill raise
tke éne;gyk‘of’ the electroﬁs sufficiently to be released
froh these traﬁs and return to stable energy stétes with.
~ the emission of light. vathe light fluehce is measured
énd plotted as a' function of temperature, .the graph

obtained 1is called a "glow curve". There may be one or

more maxima on the “"glow curve” as traps of various energy
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e

#

deptha.nare'emptied.c TheifeIatlve amplitudes of the geaks'

are an indication of the relative populations of trapped
electrons. The total light emitted during part or all of
rhe "glow curve”, or the height of omne or more of the
peaks 15 related to the acsorbed dose in the phosphor (4).

"TLD dosimeters are not absolute radiation detectors,

and must therefore be calibr ted=by exposing the dosimeter

to known amounts of radialtion. TheA quantity directly

measured by TLD 1is. the energy absorbed by the phosphor

i.e. the dose to the phosphor.  This reeponse may_ be ..

related by calibration versus an ion chamber to the tissue

doee in Gy.

The instrumentation needed to observe TL is shown in
Figure 3.4. A heating elemenc is used to heat the
phosphor electrically while a phctomulriplieri rube
.measures the emitted cprical 1iéhtf‘ The photomultiplier

o

‘current integrated over time is related to the absolute

dose. TL sensitivity 1is defined as the amount of light-

released by the phosphor per unit of radiation dose, the
lower . limit depending on the type of phnsphor and the TL
reader. Most commercial TLD readers can measure doses as

A
low as_ 10 mcGy. ~-The upper limit of the useful range is

generally limited by the phosphor alone; LiF is linear up

: 3 . 2 '
to 107 -Gy (ill). For normal dosimetry applications, a TL

phosphor must have good light conversion efficiency and be

able to retain electrons trapped for reasonable periods of

time at room temperature. The properties of LIiF (Harshaw'

{

=

N
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TLD-700), the phosphor used in our dosimetry are given 1in
Table 3.2. | |

~ The precision and raproducibility"of the TL system 18

not as good as for the ion chambef. With best of care the

.pfgcision {s 3%Z. The dccuracy is of similar magnitude.
However, thév small size and useful large dose range make
the TL :dosimeters very suitable for ma;yA. clinical
applications. TLD crystals can be made as small as l-mm
or less. The powder'fusedginto tefloﬁ discs or rods can

be used fo# direct insertion into body cavities and thus

monitor the patient dose in-vivo. TLD ' 1is useful in

\

regions where the dose varies rapidly in space, as‘hear
interstitial or intr;cavitary sources or in the "guild—up"
region or penumbrae of megavoltage radiation beams. The
}argé‘ useful range make i;‘ applicable for rédiation

protection as personnel monitors.

Table 3.2: Properties of t1F

»
Density: ;' | 2.64 g/cm?
Effective Atoﬁic Number;-J : 7 = 8.2
Temperéturelof,main glow peak:'i9ooé

a 5
Useful Range: - 10 meGy - 10 cGy

—riaf e

129



"3.1.4 Tissue-Substitute Materials
N In order to obtain dose measurements 1in materials

which can. be related to doses in the patient,

130

tissue-substitutes with comparable radiation absorption

and scattering properties are used. If materLels are to

absorb and scatter photons and electrons in the same

o

. manner as tissue, all of the following quantities must be‘

~ matched: mass attenuation coefficient (v/p), mass energy
ebsorption coefficlent (uen/O), electron mass stopping
power (S/O),l electron mass angular scattering ~ pawer
(62/pl) and mass density, p (67). . j

Since tissues are ¢ osed largely of water which is

f“‘ iJ
also readi}yiavailabl
measurements of abso Rose. In our -experiment$,

however, complex geometries and phantoms made of

muscleﬁgﬁdivalent as well as lung equivalent materials

@

were required. . It would be 1inconvenient to immerse
lung—-substitute materials in water. Therefore we

‘-considered, solid tissue and lung substitute phan€oms

rather than liquid These can be cut into various shepes_

and' sizes. The materials used as tissue substitutes were

3

polystyrene, prestwood (for muscle), and cork (for lung).

s liquid is used~r02tinei§Afor‘

The physical paraheters for these,materials are listed fa.

Table 3.3. ?/D'is the average mass stopping power for the
spectrum of electrons set in motion by photons of energy
E , 82 /pl° describes multiple -scattering of electrons

travelling a small path 1 in thersoattering material and
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being'scattered,With a mean.'squarev scattering .angle L
(50 54) The densitiés (p) of cork were 0 32 and 0.28

g/cm3l and of prestgﬁbd 1. 02 g/cm3. The relative electron

j densitdes“(pé) as measured by X- ray computed tomographyp
‘were 0}32;'Or28,_and l.OZ.ﬂ The composition -of'rprestwood
i oand. cork is'variaole aﬁd uncertain. In order to validate
the use of prestwood tissue maximum ratios (TMR s) .nere
Sy measured sin prestwood‘ and compared to those measured in
h:;:;‘;’water(see section '3.3); | Tissue—maximum ratios 'are ha“'

ratio ‘of»ia dose in the phantom at depth d to the maximum
dose in the phantom at depth dn (54) r a point at‘ia
Hfixed distance fromrltne >50urce. Tissue- maximum ratios
"were measured for. field sizes from 5x5 cm? to 30x30_‘cm2'
“lfor bboth prestwood and polystyrene.‘ Values were found to
Be.within.lz of those ﬁor water." We therefore conclude

that polystyrene and prestwood were water equivalent. in
,f?, . B N - TN

their radiation absorption, attenuation and scattering

”aeproperties at the radiation energy used in our experiments

o

(1;é.. 6 MV X- ray&).

I2

| ‘ o

3.1.5 Tissue Air gatios, Tissue Phantom “Ratios

My

Doses ‘along the central axis Vin water— equivalent

=
media are usually tabulated for different depths and field

sizes as tis'u_b irrratios (TAR) or tissue-~ ‘phantom-ratios

(TPR) . The e are de ned as shown in Figure 3.5.

TAR =, Dose (D)/Dos

~

(D))
TPg/= Dose (D)/Dose (Dp)

oo
4/




I

.Eig,é§.5 Defin&ﬂﬁéns of t1§sﬁé4air and .

PO

SRV

K .;\ , »f
. . ) Q( .
t@ssue-phantom ratios.

TAR=D/Da mPR=D/Dp.

133
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o

If the reference ‘dose Dp'is at the point of maximum dose‘

in

L8

(TMR)%~. Historically .TAR s are used for ““Cobalt- 60

a_.phantom, the TPR is called a tissue maximum-ratio

radiation ‘gnd” lower ‘energy'”beams, but VTAR-s are 1ess '

easily defined for higher X-ray energies 'and. thereforel.

 TMR's ‘are used for the higher energy beams (46). Oﬁce the

TMR's or TAR s are known, thé dose at any point along the -

! L o

'centraleaxis in the hé

P ] 65

:1‘phantom can be obtained by .

uh.multiplyingf the“TMR '(3?” Q&R) rat that depth by 'the,‘~

reference: calibration ) dose, ‘Dm;_ maximum ‘dose in the

phantom; (or Da’ ‘the dose to a smsll \mass of - tissue in

air).

It;is*alsl possible to separate the econtributionv of

: -

b

scatter air ratio (SAR) or a scatter phantom—ratio (SPR).

* [

These ‘can -be calculated from the tissue air ratios or
tissue phantom—ratios in the following manner :
,SAR(d,W ) = TAR(d W ) - TAR(d O)

- sbn(d,wd) = TPR(d,W ) - TPR(d, 0)
4 - :

where: SAR(d,W s SPR(d, V), TAR(d,Wd);‘and TPR(d, W) are

the f scatter -—air-, scatter~phanton—, \ tissue—air-,

“tissue—phantom—ratiOS at depth) “d, and for field,size W,

g primary and vscattered radiation by defining. }a

d

‘TAR(d;O)'and TPR(d,O) are the‘tissue‘air—, tissueephantom?

. > . - A
ratios at depth, d, and for ‘a pencil beam of "zero" fileld

BTN

size (54). | S
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3.2 Summary of Calculation Methods \qu”

"

W

]

The human body is not homogeneous in external shape

cor 1in internal density. The external shape of the body

"
-
"

Ve

external beam ﬁcompensators". However, internal

135

- can be altered effeCtively by using either _bolus or

differeﬁces in density affect the dose distribution 'in; a

'complex vay which cannot easily be modified by a simple

external "compensator <. In this thesis,\we are concerned

with the accurate calculation and measurement of dose

within and beyond lung,. We are specifically interested in(

'.‘dose_'caiculations _for a lower density object introduced
~into a water—equivalent medium. A’vThis 4OW density

'_inhomogeneity will affect the primary and scattered photon

radiation, as well as the transport of electrons set 1in

‘ <{’ Fa e .
motion. With improved accwmecy in dose calculations, the

severity of perturbation of dose distribution by tissue

N

inhomogeneities can - be judged and the&%ssibility of

’constructing appropriate 'compensators"_becomes viable.

In order to calculate doses i inhOmogeneous media,

the .usual, procedurev is to first calculate the dose in

,water,u' which " is - relativelyf, easy to validate
' eXperimentally,,.and ‘then multiply it by an inhomogeneity

.fcorrection factor (ICF)

- Dose in heterogeneous phantomnm

ICF =
B . Dose in homogeneous (water) phantom

-

'The‘ available inhomogeneity‘ correction methods - are

summarized in Tahle 3@4, in order of increasing complexity



. -.;ﬁ?

.}(

Y

Quy.
The first two methods only correct‘for‘the ef fect of the

-

inhomogeneity on. primary photon fluence. They are based

on calculation of a ' water equivalent ‘ or radiological

thickness.'v.Suppose - the primary beam passes along a path

v

i

Coqrection methods

°

Table 3.4:  Inhomogene

Method can take account‘of:

Algorithm Longitudinal . Lateral extent Eleetron

136

position : of structure transport

of structure

(7, 109)

“Ratio of TAR . No NO NO

(or Effective SSD)
(21) : °

Batho o ~ YES .oNo NO -

Lulu: and Bjarngard

“(Batho) o  YES . . YES . NO
(69) ' -

Scaled TMR . XES YES NO
(this work) : ‘ ' ‘

Differential .4f/ o

SAR's - " YES YES v NO

(13,20)

Equivalent TAR  YES YES . . NO
(107,110) ' |

delta-Volume - ¥ES YES (NO)*

(141)

Convolution - . _YES o YES YES
(71) ' o

Monte Carlo YES' . YES YES
(17,134) o ,

* -
*under development.

R

Foy



developed for calculation points

of heterogeneous tissue with a spatially varying relative

 electron density, (1) | Then the water-equivalent depth,

\’- . . ’ ) . ) .- .
d'= fpé(l)dl- : ' | o R

The tissue-alr. rptlo .method givee;‘the correction
factor es;
TAR(d',W )"
AR(d',W,)

ICF =. [ N S S . (W)
o - TAR(d, W) ' '

" where - d' is the water—equivalent thickneés, d 1s the

geometric thickness of material and Wa i{s the beam size at

depth d. This correction factar "accounts for both beam

.slze and depth of the calculation .point, but not the

: , . : " . .
proximity of the inhomogeneity to the calgulation point or
the lateral extent .of the inhomogeneity. The effective

SSD (source-skin distance) method 1is eouivalent to the

‘ratio of TAR's except that it uses pereent depth doses and

.an inverse square correction,insteéd of TAR's (21).

A refinement'whlch accounts for the proximity of the

inhomogeneity, ‘was, developed by Batno (7). - It is a

semi- empirical method, and 1its . implicit assumptions and

derivation ‘are not well documented or understood. It uses

TAR's and relative electron defiities, " and thereby

"

indirectly accounts for the change 1in the scattering

power™ of the inhomogeneity. Originally this method was

Wgand’an inhomogeneity.

‘It has since been extended to consider ‘points. within .an

inhomogeneity (109). The general form of the Batho



" correction .factor is:

. [TAR(dz,wd)] P37 P2

ICF= - Py ' (5)

‘ [TAﬁ(dl,Wd5]'l ] |

~wherev02; 93; dl,.dz, and W, are as given in Figure 3.6.

This method will be discussed in detail in section 3.5.

A method which accounts for - the .shape of the

'inhomogeneipy;-uses the volume integration of differential

scatter-air ratios (dgAR) (13,20).'vThe correction factor
is given as: .

2

“

TAR(d',0) + D AS
ICF = : - (6)
TAR(d,W ) s

d' is " the water equivalent debth. TAR(d4',0) -is the
zero-area tissue-air ratio, and the integral ZAs sums

scatter contributions from all volume elements in . the
. .

4

’ C ' WJ‘:;'"’( ) .
irradiated volume. ,The(d@n%ribution from each individual

T g
W

element 1s calculétéd as follows, Figure 3.7:

N
| ~
-y (a'-a) . - (8)(b'-b) \
ps =e ¥ [asar] o} { e } (7

where: dSAR is the differential scatter-air ratio for

. . ‘ ) . .
volume element, AV, assuming the surrounding medium 1is

watef. - The remaining terms correct this wvalue for the

prébence of surrounding structures of non-water density.

"a' and b' are the water—-equivalent depth along the primary

path and aldng ‘the . scattered photon path respectively,

138.
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Fig. 3.6 Geometry used for the Batho correction.
-Dz and '03 are the electron densities

relative to water.

[

TIIILE
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'§*,l

Fig. 3.7 Parameters used in the calculation

of scatter contribution in the dSAR.



g

{

J

assuming single scatter only. a and b are the real (or

geometric) path lenghts. pé is the relative electron

density in the scatteting volume elenent, AV. ‘ pﬁ and

uw(e)‘ are the linear attenuation coefficients in water of

the primary and the scattered photon (13) This method

lends itself to “pixel-by‘pixel" corrections sing

"complete electron density distributions obtained by CT

scanning. This method was *anead of its time" and vas the
first to separate the prinary and scattered radiation
components in a heterogeneoua phantbm. However, all of
the multiply%scattered radiation is considered “as 1if 1t
bghaves lige single-scattered radiation; this mav account
for poor‘ dose results . obtained for large field
irradiations of heterogeneous media (107). | |

The simple ratio of TAR's method (equation 4) has

been modified by Sontag and Cunningham (110) in order to

also account for the size, shape, and position of the

inhomogeneity.' This method is called the equivalent TAR

method. An effective TAR(4', ) is determined where d'

is the water- equivalent path discussed earlier, and Wa is

an. "effective” fileld size. The correction factor 1is

) t gt ,
TAR(d", W) | o é |
ICF = TAR(d;wd) ' . (8)

d' is easy to obtain, but Wh i{s more difficult to obtain

since the entire environment of the calculation point must

be considered. An equivalent field width 1is determined as

141
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follows:

(9)

Bé ijs the welighted average of all the relative ale%trod

densities in the irradiated three-dimensional volume .

¥

g

5; = fp; (x,y,2) W (x",y,z.) dY' (10) QJ

\

The W(x,y,z) 1s a set of weighting factors which depend on
distance of each scattering volume element from the point

of calqulatidn. This method also lends itself to

-
X

-

“pixel-by-pixel™ corrections (21).

A method which relies on "ray tracing" Dbetween the
Pt N . . ‘

s
N
\

calcdlation ‘point and t)e.(scatteriﬁg sites has been

developed by Wong (141),

. and 1is referred to as the
’ .

delta-volume method. This method calculates the primary
. \ ’ . '
dose, and adds first—-scatter dose, corrected for

heterogenéities. It further adds second-scatter dose,.but
this componént is treéted_geoﬁetrically as first-scatter.
Finally é residual term for muiciple (>2). scatter dose 1is
‘added. It is very similar té;the volume ‘integration of
differential scatter-air ratios, but différs in that'it
only tfeats sqund—écatter as first-scatter,f‘wheré#s the
dSAR method treats gliimultiple ééatter‘as first—scatger.
With present day computers, 'caicuiatiéns with the
deltafﬁolume method are long Ze.g.ﬂ/au3D calculat}on on a
VAX—117783 coméuter for a i6§16x16 cm® medium takes 1-2°

hogré per beam (141), but with developmeht of very large
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«?

‘can also consider the energy transport_f

particles from sites of interaction. In or;

scale integration (VLSL) achips” and/or arrey processors,

routine c¢linical use may be pn§§ib1e in the neat future.

Furthermore this method has the potenttel.to ‘accohnt for

eleetron- transport for high enetgy X-rays, and 1is still
, o

being actively improved. Another method with similar

capabilities, but 'which uses a convolution principle, 1is

being developed 1n this laboratory (71)

Y. &

The 1atter three methods are complicated and must be

performed on computers. The "input” information is the

-

detailed anetopical {nformation available from CT scans.

Before the advent .0of CT scanning, this detailed anatomical

information was not available; internal’ body contours
were estimated and this gave rise to errors in dose

calculadion which were greater than errors due- to the

143

simplistic inhomogeneity corrections per se (108). At

present, however, detailed anatomical {informatiom “is

available, andq’the ‘accuracy of dose calculationgf~

‘ ' e . “ TR W
limited by the quality of the inhomogeneity ,go;reFt%ﬁh;rgv

Therefore, the complex - methods

The method which can, in principle, overeep

deficienclies of the above methods uses Mbné&_ Carlo

s ¥y

. . w»
simulations (88). This method can - "follow“; v ;vrﬁualhw

photons as they are’ scattered throughout the pg%i nt

§§}

.

\

%

‘-.«




»

reasonable results, however, millions of photons mugt be

considered 1in order 'to obtain accurate "dose repults

. /
(}7,13&). .With present day computers, 1t still / takes

hours to days of compuﬁaéionato obtaih a dose digtribution
in a simple inhomogéﬁéous medium;- chzs method is not yet
practicél for toqtine .clinical use. For exanmple,
Ealcuiétidns for‘a 10xlb'cm2 fiéld of 6 My X-rays take 60
hours 'to 6ptain a doée accuracy of 0.5%2 on a VAX 11/780
compufer (pfi?ate cémmunication T.R, M;ckie). Tﬁe
impleméntatioﬁ of the complex methods for HBI 1is still in

-

the future. We are presently restricted to the simpler
.

inhomogeneity correction methods, with possible

hodificatiohs,g‘nd realizé'that one method may yield good

results {in a given situation, but poorer results in

another. This is the rationale behind the experiments

® described in the following sections.

o

144



" '3.3 Homogeneous Phantoms

As noted | earlier, fthe‘ calculation ~of ' dose in a
’heterogeneous medium 1s preceded by a knowledge of dose in"
a‘»homogeneous"water"medium. lhe, dose; ﬁé, :fot' the.
'sicdation showm‘in'Figuré 3.8 is:

 Dose. (D/?-)’) = 'ICF x Dose (D)

(A) Equivalence of the homogeneous phantoms to water ’_‘m

In order to calculate and measure correction factors-
: ’ ' 2
in - a heterogeneouS' phantom;'various size cork slabs are

eintroduced'»into, a‘~‘hom0geneous" medium. Fot these

~experiments, homogeneous 'phantoms> composed of-slabs are

O

most convenientr_ Thus, polystyrene and prestwood were“
: used i as the “homogeneous material; “Their equivalence to
) ’ ;J. o \‘ . ' ‘ ) »

Gater‘and musCle has already been -discusiéﬁ in section

2.1.7 'and v 3, 1 4). NevertheleSs, tiSSue-maximum ratios
. : S .

(TMR's) were measured in. polystyrene 3and'"pteétwood 'for

—

PO

"field - sizes Lxb cmz.tov60x6Q cm2 and are given in Table
3.5; TMR’s.fot_the‘tla%ger: fields 'were?_not prevlously
.1 avaflahle for 6 MV X-rays: For field sizes latgergthan
35x35 .cm?, ythete 1s a mdpimal change in YTﬁR . with
ylnctegsingn‘field size, because scattering vfrom 'flomg
brange" is negligiblex, ' _ /‘
The TMR . values plotted at ‘ditfetent depths ; in
polystyrene and prestwood are within 1% of those in vater
,up'to depths of .20 cm. - Beyond thls depth they are within}
2 to 3%. ,These aremshown in Figute 3.9 for a standard
fleldfgize of . 10xl0"cm? ,ét " an “SAD ‘(éource to .Axls

P

“1
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: cm? in order to determine whether there 4ds a shift in. d

o

&

)
'm

-t

.

Distance) -of /100' cm. Similer agreement is obtained for

: /
TMR's at ‘the bther field sizes.

/

(B) TMR's at extendedmdistance
[(EEE i ) .
{ . '.;"{L ! : . i - . ’ ‘
'&a :Qeveral experiments were  performed at larger
4o R ) . o : : ' y

distahces from .the source (SAD= 200 cm) to achieve.the

are \within 17 of TMR s measured at the normal SAD of 100

cm (Qee Figure 3110).

=€ ‘ I , ‘ y

A v ‘ \ o -
v ST ' o ‘ .

(C) Lodation of d ai at extended distance AT uf v

For\large%f%?étances from the source, the position of

‘.iarger field size. The: TMR s at.. this -eXtended~.distan¢e'

the depth\ of" maximua dose  (d “)' in a'phantom may be -
b o

max

different'then\at an-SAD of‘100‘oma(32). ‘This is due to

the Tdifferent ~scattering conditions ~which - comtribute
: g , v
secondary electrons. Therefore the build-up to »maximum

\

dose Mas investigated for field sizes 10x10 cm2 and AOXQO

max

-~ at the larger SAD. The ‘build-up curve was found to be

¥

regsonéb%y-uniform;to within,0.5z, from a depth.of 1.5 cm,

G . : iy i
to 2.0 cm for both small and large fields. Therefore any

‘Value between 1.5 cm to 2.0 cmriS’acceptable_es'dmax} and

shifts within this range ate inconsequential

Mamy of the dose calculation methods do not -account
.!a N

'for ele%tronic disequilibrium in the medium. ihe range of

electronic disequilibrium will be 1onger in a medium  of

loweri density and 'the geometric location wof d | is

max
eXpected‘to be " deeper‘(143). In order to determine this

v
cd
.

e

AT

» 0%
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Figure 3.11.°%

Rt

. : { :
range for cork, the dose build-up was measured for field

sizes 10x10 cm2 and 15xiS cm’. - For 'these_ measurements,

there was no build up—=eap on the alr ionization probe.

dmai" for b.°.th %dg wae found to be 6.5 cm as shown in

i

N / ‘. L\ '

(D) Effect of backscattering 'material

"The effect of material behind the measureﬁent point

is - often ignored in " dose caICulations, so that full

backscatter due to elther cork or polystyrene behind the

o

“probe was also investigated. Readings were obtained 4with

10 8 cm of either COrk or polystyrene behind the probe for

151

.backscattering is implicitly assumed. The difference in

several field sizes. The‘difference in backscatter was.

found to be 1.3% for the 20220 cm?2_ field and less than 1%

_for the smaller fields.

&



/

BUILD -UP% CORK

]OOT ..‘.._..O. . ®
L OO_OOQOO o)
"90'"' ° o ‘
/,::8@1__ .O
. J 2
701 o FS=10x10cm
s | ® FS = 15x15cm?
5 60T
&).
—t—————+— 11
1 2 3 45678 910 112
. | Depth (em) - ’
Fig. 3. The dose increase with depth‘in shallow layers

11

of cork The depth of the maximum dose
(1i.e. ) is.at 6.5 cm for radiation field

sizes of 10x10 cm? and 15x15 cm® .

152



3.4 Simple Heterogeneous Phantoms

Radiation doses were measured in'wimple hgterbgéheous
phantoms 1irradiated wiﬁh 6 - MV X-raysuénd.compared with
those calculated ;sing several algorithmé ‘impleméﬁted on
"radiotherapy planning compﬁters. The Artronix PC-12
computer calculates inhombgeneity vcofrefqions using ;he

effective 'SSD method. The AECL TP—Il computer‘uses_the

153

modified Batho - method (109) to calculate tissué.

inhomogenelty corrections. Furthermore, dose calculations

Y

were also performed using the equivalent TAR method as’

implemented at’” the Ontario-Cancer In§tituté. "All these

"methods were described in section 3.2. Dose measurements

§
i

were made with the Capintec PR-06C air ionization chamber

described. in section 3.1. The probe was used with

‘buil&—up cap in | pqustyrene;,whiYE‘fﬁé build-up cap was’

removed for measurements in cor: -~ The . geometry of .

irradiation 1is 'shown 1in Figure 3412, ‘The 'probe  is

ﬁositiopéd at a fixed source-to—probe'distance (SPD)_aloﬁg
-the -central axis. The distance to the entrance side éf
;he'cork'section, a, 1s increased, thus letting the_entire
cork séction . "rise ‘through” the point ofvinteres:'at P.
Me@surements were takeﬁ for diffe;ent-cork thicknesses, :;
geometric deﬁths, d, and field sizes, Wd, as listgdvin

“Table 3.6. These geometries were selected

sample the range of 1lung ‘geométries

~

clinical radiotherapy. For the largér field sizég‘én SAD

o,

of 200 cm'was—uetd."‘The inhomogeneity cqrrfétion factor

&l



is plotted”ﬁi?sus parameter. "a" as shown in Figu;e 3.12

both 1inside and beyond‘the cork inhomogenelty. Results

are shown in this figure for field sizes  5x5 - cm?, 10x10

cm?, and the large field of 35%x35 cm’® and cork thickness

t=7.84+0.2 cm. Measured values are compared' to ICF's

calculated using the ratio of TAR's (effective SSD),

generalized Batho, and equivalent TAR methods. From the

/ : . .
experimental values one notes an initial sharp increase in

the correction factor which then levels off. As ghe field
i ) . ) \\ .

size 4increases, the importance of scattered radiation
TR ' ' :

Table 3.6: Summary of experimental set-ups

L
A

Cork thickness Geometric depth Fiela slze
3.2 em | T 18.4 cm | 5%x5 cm?

. : 10x10  cm?

—— . A“ N 20x20 cm?

35%35 cm?

5.0 cm ' 15 cm '5%5 cm?
10x10 cm?
20%x20 cm?

9 . : 35%35 cm?

7.8 cm ) 15.5 cm 5%x5 cm?
10x10 cm?
20x20 cm®

“ 35%x35 cm?
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o "

relative to the primary increases; but the 1inhomogeneity

affects the primary radiatiod more than the scattered.

For this reason, ¢ erinentelly a greater-ICF is obseryed

for the smaller field "For field sizes larger than 10x10

cm?, the Batho correction fgctors agree more closely with
I

L

the experimental values, “presumably because the Batho

correction indirectly (by use of TAi's which include the

/

scatter) accounts_in some\yay for the change in scattering
. ;o

Wconditions produced by the inhomogeneity. However, it

underestimates thev.correctionv factor both inside and
beyond cork by 2%Z. The ratio of "TAR's overpredicts the
correction,factor "in cork by as mdch ase8.ZZ near the cork
polystyrenevinterface_for‘the'lo;lo cm? field. Beyond the

cork polystyrene interface this method predicts a constant

" ICF which overpredicts the,experimental values. |

{
The equivalent TAR method performs better than the

-simple ratio of- TAR s method but is inferior to the Batho

.

© - method in this geometry both within and beyond cork. It

’

generally overpredicts " the  correction factor especially

158

néar the cork . polystyrene interface where the

overprediction 1is 2.6% for a. 10x10 cm? field. This

performence of the equivalent TAR method at % MV ie not

consistent - with  its reportedc superior performance at
Cobalt-60. For Cobalt-60, agreemént with the experimental
data ie' within 2% both inside and beyond 1ung (107,110).

The greater discrepancies for 6 MV X- rays are attributed

to wimproper calculation of the conﬁﬁbbution of scattered



radiation to dose.' The weighting factors have'

effect on the correction factors, but inachraciés ﬂn“yg

. s,
scatter-air-ratios greatly affect the correction fractors.

o

The  difficulty 1lies 1in obtaining' "correct” zero-—area
' L

4

tieSue~air (or phantom),.raties. Practically these ?re
found by extrapdletion based on small £1eld_sige‘data.
This'methodology (54) becemes difficult to apply.for high
eenergy.X~gays because electron disequilibfiem develops for
smaller fieldsl

These experiments at 6 MV support the suggestion‘.by
Henkelmen and Wong' (43) that pixel-by-pixel methods ﬁhich
treat scetter‘ contributions from ’seattering' elements
independeﬁtly, may Dbe inferior.te simpler methods which
use a - belk correction for tissue inhomogeneity:

For the smaller field size of 5x5 e the ratio lof

TAR's (effective SSD ) method as well as the equivalent TAR

'method, overpredict correction factors both within ande

“beyond 'cork. The Batho method again gilves the best
g . i . N
agreement, -but exhibits some irregularities. ~ The

correction factor is now ovefpredicteq in lung, and the

curve of calculated correction facédrs _crgsses the
experimental‘ curve shortly behind the int face and
wﬁhderpredicts the correction " factors thereafter.  The

teerteetion factors 1in lung thus are overpredicted by all
correction methods to a greater'extent than expected. For
the Smaller fields iwcident on low denSity'ma:erials'tHere

is lops of lateral electron transport (i.e. more




158

v

-

electrons leave the central region tha.&%nter from the

sides) (143). Therefore a decrease 1n dose, and a

decrease in the cdrrection: fJ@tor occurs. This effect

becomes more pronounced with higher energY\g—rays and 4s

not handled b# the correction methods dis//ssed here. The
43

above experiments vere repeated for 15 MV X- rays and are

#

3 ]
.included 1in a paper to be submitted for publi@ition, . the
effects of electron_ disequilibrium are 1nvestigatef in

detail at this energy- s
L ' , ’ )
When the depth d 1s less than the depth of maximum

build=up  in tissue, the condition of electronic
‘equilibytum of the Batho method 1s violated. If 1t 1is

‘ usedfgwitgx;TMR's meagsured in' the build-upiregion, the
“ - 4‘;.~m~® : s v , .
'correction ~@actors so calculated give very anomalous

B . P
results.  Therefore care mwmust be taken when correction
; LN .

a
§

ey B :
g_’ '%aptars are cfalculated in the initial build-up regilon or

- & 1 . : . .
e ! .at nhe inte:;;ég\ of two %media. " For 6 MV X~-rays this

i
Pt > i ] |
S

,’region ext%hds over 1.5, cm near the interface. For higheT

) v “ ﬁ

enérgy vbegms, the:e is a greeter distance in which the

7

e 7
PR
“ : .‘5

"

v -

patho correction shquld not be appiied.
e ’ .

R The 5 cm cork*lO cm polystyrene"ﬁcombination shows
Q"‘v Q‘ . \A‘ .

. | N
-“similar trends as shown in Figure 3.12, except that in

” fhis;.’case, "the~ eqhivalent TAR method slightly

L u'

(

underpredicts correction factors beyond cork. L /”

For the 3 cm cork-15 cm polystyrene’ combination the

¢easured .and calculated correction factors are shown in

gdfv -, Figure 3313. ' ?he Batho correction gives h the best,

-’
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«

agreement | both ithin' and-'beyond cork. A slight

underprediction occurs in cork, Fpr field sizes 10x10 cw

.,

~ .and beyond. _k slight overprediction occurs for the 5x5

16

“".cﬂﬁéﬁield‘size, The equivalent +TAR method overpredicts ,

doses in lung _by ‘roughly 2 SZ ‘ crosses over near the

interface and " ghderpredicts the doses beyond cork by 2.5%

‘f for ‘the Smaller- field sizes. This handling of the

<

is not -self-consistent vith results obtained Yor

ﬁgrk thicknesses. For.example, it OVerpredicts the

s

factors beyond (Figure 3 12), ut underpredicé; the effect

ot

correction factor beyond cork by the equivalent TAR metfod

' for a thicker' cork section by overestimating correction

correction factors beyond (Figure 3 13) The agreement of

'5the“ ratio of TAR '8 calculated cowrection factors with the

measured values is not " beiter than wi?h the - other

%ﬁ&inations of cork polystyr%ne. : T

Similar cork-polystyrene combinations\ ﬁere‘»usedt/to

'cmeasurej‘correction* factors ‘at  .an SAD of 200’cm'and_for

rfield]sizes'up’to 60x60 cmz. There is not much change in

‘

‘the ‘measured and calculated correction factors from field

2

Lo

size 35#35 cm?’ to. 50x60 cm? . This is expected since‘ the :

3

W8

. cm? field-”~ln~»addition a 10 cm cork—S cm prestwoodv

'combination ﬂwas; also uSed v The correction factors for_f

1

for. ‘a _smaller. thickness of cork b? underestimating -vf”

"TMRv”curVe versus field size changes little bexond a//SgBSt

=
this combination and a large field size of SOxSO cm2 are:&

shown in Figure—3’16 of section 3 S. _ __\ R TR

b
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The . Batho 'correction’ performed Very: well‘ giving

‘valﬁes within 272 beth 'within and beyond cdrk. ‘This“is
»contrary to. what would be expected' based 6ﬂ"simiiar
'experiments peffermed at Cobalt 60 (125 139) vhere the

Batho correction underpredicted dose in lung by as mueh as,

Xeray beam (2 MeV) 1s' notr«gneatly ,diffefent .frdﬁi the

162

 1oz in large fields.. The effective energy of the 6 MV

m°“°e“ergeFic photon emissions of 1.17 and 1.33 MeV of a™

Cobalt—GO_Beam. Therefore the. 1mprovemedt for _1n*1ung

E . dose ;ealculetions ;iﬁxfiafge._fields cannot be due to the

»

E . 3
Q- %

K Ey } ' o '

unexpecped good‘”peﬁf"jéneé 'of the“ Bathq correCtionL

ié; analysed in detail 1 section 8 5 ~which consists of ‘a
- ,

pepef to be pﬁblished

k3 . L
. »
a

‘Medical Physics (May/June 1984)

oL . &
o Q\

>"diffetence in beep ”qualiﬁy"f rIn order to‘ exélain»;this‘

‘ﬂ with Cobalt 60 radiation. This
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3. 5 Improved Lung Dose Calculations Using TMR'S

(vs. TAR'S) in the Batho Correction



INTRODUCTION I ®$ -

Dose calcuiationsq~are .usually performed_ by first

considering &he patient .as ‘being composed uniformly of

water and then applying a correction to account for mnon

;

%
W

‘unit density structnresgg such. as lung.“ with;cohquédg
tomographic (CT) _scaznfng; the in;vivo ageonetry' ‘and,
density ~of thelhlungyw ' Qbe accurate%&g!degernineh;
iresulting in improved decuracy of ca1Cu1-nif- ol (108) . -
‘The: availabi@ityv o%ﬁ.such .anatomical" . f;ﬁf\ggs,
“ . o Ry . & -

prompted aqge qxaluation‘

within heterogeneous tis
The power 1sﬁ ’tiﬁ‘

developed inittally:

¥ n the .shadon” of wide 1lung ifradisted .with Cobalt;GO,

j

‘photons (7 142) I has since been refined to consider

dose points within 1ung (109), and
. ;,

'vfinite' eidth (69) Application Q; the‘method to higher
photon energies has been atiappted (113) -'theoretical ’
: analysis of vthe Batho expression has recently been

’“*account for 1ungs of

.,;4,@or¢q§3 (70 139), “but’ most nalidations' have  been .

4

o experimental as summarized in Table 3 7.

J

. According to Sontag (109), e; Batho vcorrection. for

the simple geometr%@shown in Figure 3% 14 is: -

0 _ T

e o . ST T I LR A

R S $ | TAR(d ,r) s ls L e

R CFB(TAR) [ ]1 °2 o RPN L
.o TAR(dl,r) I R It A

‘E,
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'—e.a

for points beyond lung, and

CFg(TAR) = [ TAR(dpor) 1707 18

for points within lung.
% L B

where:

<TAR(d ,T) is t}e tissue-air ratio at depth ’di and _for

@w ; S
field sizeir ;t ﬂepth d - ' i W

pz » Py are‘ﬁge e1eCtron densities .(e/cm®) of the two
by,

media, rel;é%é%%;o water.m

5. G
$$‘¥hese expressions :?sume that

\ .
(a) the 1ater;]lextent of the inhomogeneity is larger than

the incidéht iation beam,

P

(b) electronicvequilibrium exists ,at the dose 'points. of
o : °

i

interest ’ The equation only corrects for changes in
photon fluences and ignores the finite range "8f . electrons
- '/’ N X

L

set 1in motion. T?is creates difficulties in extending the’

;Batho_method to higher photon energiesl such as 10 MV

»

X-rays (143) o f.*' - o o

-~

(c) the tissue is Water like in its energy absorption and

properties, ‘iﬁ v
. - : . ¢

(d) changes 1in backsgcattering from materials beyond the

point of interest are negligible. - -

‘Deepite these shortcomings, the method continues to. be

used clinically with (ot without !).’edjustnents for

T ’ ~

situations in which the above assumptions'are untenable.

As seen in Table 3.7, the: Batho.correction factor ie.

2>

SRR
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accurate to within 3% inside .and beyond lung for Cobalt-60
‘ ' B _

{rradiation with field sizes up to 15x15 cm?. However, as

the field size 1is increased, the accuracy dégrades\and the

Batho correction underpredicts the dose within lung by as

[}

much as ,10% for, fields ~used 1in half-body irradiation

!‘?5). * The vﬁf%pqéed explanation 1s' that scattered

»radiatloﬁ plays " a greatex role at large fie}ds,,and the

L

Batho-TAR method fails to account correctly for this
componeﬂq'of dose.

[

In our study with 6 MV X-rays, TMR (tissue-maximum

ratios) were “substituted in the Batho correction and we

e

found agféemgnt to withiﬂ 2% both ingiaéjand beyond lgng
fééf'field sizes d% to 50x50 cmz.‘,Ingorder to invesfigage
.whether the‘use of ?MR'S fnsteaq of TAR's' accdunted for
the impié%emén; in accuracy' at the larger fields; Qe
performed experiments with’Cobglt—éO!irrqdiatiqn,and ;ééﬁ‘
bqth; TAR's and TMR's .whfcﬁ,gre'both easiiy%ﬁ;agufed7af
~ this eﬁergyJ Experiments confirméd' a signifiéan;
improvement by 5%2 1in accuracy wheﬁ TMR's. were uSedlfor
in-lung corrections for all field sizes up t& 50x50 cm?.

Tables of measured TMR data for Cobalt-60 are reported in

sectidn IIL. ‘ S . I “

The thedie;icalahnalysis of the_ impro#ed performance
of the TMR—BatHo correction is 'presented in analytic
calculationé of primary and Sihgly—scattefed radiation in ’

section IV.

-
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I11. EXPERIMENTAL METHODS

Doses were measured in heterogeneous{‘ phaz{oms
: N

consisting of . slabs of cork to &Imulate lung and‘of
polystyrene or prestwood to simulate unit deneity tissue.
The electron deneities of these materials was determined
by_computed tomograp@& to be 0.28, 0.32, 1.01, and 1.02 :
respectively, ’relatine tof‘water. " The phantons nere
irradiated with 6 MV X-rays? and Cobalt-60 Y—raysb . ..

Dose measurements were made with an air ionization chamber

‘with an active volume of 0.65 ml, conffected to | a

_ . ] . ,
calibrated electromet;%k\\\\ueasurements in polystyrene

~ £,

,and prestwdod were obtained with a standard "build up cap”

i

(Q.S cm of 1ucite),'while in cork,_the build-up cap was
purposgly removed in. order to observe t ects of'
>, g . . ‘

electronic disequilibrium. Unde%?thesefcircumstances the
. S ; P : . - . .

v ‘ 4

diameter of the air cavity was 6 nm, with & plastic wall

) ' ' ¢ . T s et

thickness of only 0.5 mm.

-

)

The geometry of the irradiation is shodn\ in&'Figure,'

3.15. "The probe is positioned at a fixed source to- probe

‘(SPD) distance along the central axis. For small field

sizes mp to 20x20 cm? the- SPD was 100 cm for 6 MV and 80

4

cm’ for Cobalt—60 radiations; 4the SPD was increased to 200

-

cm for 6. MV and 165.5 ci for Cobalt-60 radiations to

achieve laggef'fields. The independence .of TMR values on

a) Siemens Mevatron VI linear accelerator
b) Theratron 80 and Theratron 780 (Atomic Energy of
Canada) -

c) Capintec PR06C chamber and Model 192A electrometer ,

-



. --“‘}3\

/
' i
‘. »
»
T ) : |-
! \ oL . . . o

4 . ) -

! o . -,
‘Fig. 3.15 Geometry used to .obtain the experimental datJ.
Dose at P is measured as parameter "a" is’

-

variedffrom 1 to 15 cm.



‘cork slab, a. The results are most eaaily interpreted by

field 1in order to satisfy assumption (a) of the Bath

equation. @KSSﬁmbtion (b) is generally valid«eﬁcﬁ/p/t//forW

SPD was validated to within 1%. The major variahle'in our - -

experiment is the distance to- the entrance ide of the

considering that the cork slab effectively rises_bthrough
the measurement,point P, thus alloWing-validation of-Hoth-
equations ‘1A and 1B for isocentric irradiations.

For all field sizes, the phantom was larger than the f

transition points near'the*tiSsue interfeces. + Assumption .

»

(c) is valid to within 1% for soft tissues and ~lung ' at
megavortage, energies (54). The = energy absorption
REEY . !

propertieiaof polystyrene ‘and preetwood, the materials
’ -

used in the experiments, wererfound to be similar to those

1

of water 954). Assumption (d) is approximately valid - for
a, .

gqrii_experimenfs since: the redqgtionl\in backs:atter

o

produced when cork was su@stituted for polystyrene behind

RN

J*the probe was measured and found to be less than 2%.

v
[N

. ‘ S . . &

Ao

111.. EXPERIMENTAL RESULTS

.

Mgasurements were made at a constant depth of 15 cm

B\ ¢

‘along the central axis below the entrance surface of the

-

" phantom. A cork thickness of 10 cm/}as used to simulate
‘ '\ _

'runge‘of— typiocal thickness;‘ Results were obtained ga; a

.

x-v*,“"(mall (5%x5 cm? )y ediump ,lo,x\O - ep ), and »l‘arse. fie1d”

(SOxSO \ cm’j. The aata expressed as ”inhomogeneity
correction fectors (21) for 6 MV X-rays are shown in ..~

\ ) - . : -
IR . - i



S : uViF \

Figure 3. 16 A B C...The inhomo&eneity correction factor 18

plotted as a function oflti; the distance abetwoen ;he
\ |,‘r

measurement point and’ the ”top’ﬂ&ork polyetytone 1nterface

A
(see Figmre 3. 15)”‘ The diecrepency between measured and
P c

calculated vdoses within and beyond lung is approximately

[ 3

ZZ for small ,a8 well as 1arge.ﬁields.n This is contrary ta

'expectations _ based ont the results( of Van Dyk forp
'1rradiatlons with large Cobalt- 60[fie1ds (125). S
3 ‘ imilar results for Cobalt 60 are shown in Figure 3 17

‘A,B,C. The calculated Batho correction factor using tbe

R values and the proposed TMR values are ‘also.

usual
) ’ _ : . . A co

shown| for comparison. ;For:points peyondicéﬁk,_therefis no iyt e

difference between'the,tyo correction factors 'calculated'J
using eithdr TAR's or TMR's, a%f expected \from theter——
‘anariantk‘atio in equation‘lA ThF maximum deviation of o

Y . N LT

the calaulated correction factorlfrom measured values is

3%. However, for*points 1nsidebcork there is/ yarked

'difference (,between the TMRfBatho::correctifn' agd

/TARfBatho correction. Tne deviation from;mea uredv values‘

-1is combistently ~worse’ for the TAR- Batho c rrection fanw
can be as _high as— 9%/ for large field . This' poor,

performance of the, Tgi>ia£po cowrectiod/at large fields‘\
e Y

" has: already beem documented (125),,but the vsimple mpdy

of using the TMR-Batho correction h_s not been rep rted

o

‘;preﬁgously.; Nevertheless, it ﬁas been 'noted- by _4 Yuen R

(private communication) that for Cobalt 60 raﬁiation,.an

- ( .
in-lung correctton factor of- ;he form,,

f > o .
- STy -
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[ TAR(d)/TAR(0.5 cm) ] p=1 4 MSF -

'

‘1, -

would give Bettbr agreement ﬁﬁth experimental valuesu " The

reason’ given was that TAR(O 5cm) and MSF. (missing scatter

factor) correct for changes in, scatter "behind the

measurement point.

The reasons for the better results observed w1th ‘the

?TMR—ﬁatho'&%ethod will "now . be examined.‘ Note. that the "

original }atho correction was NOT intended for use with
"TMR: wvalues ‘which .are suggested for hlgher energy X rays
- [ ) .

';(46;58).‘ However,‘many'clbnics have (blindly) adopted the
Batho correction -using TMR:_values for both ‘manual and
f‘computer*aided radiotherapy planning.

t

For the. reader s convenience, tablesvof‘Cobalt—GO TMR

- / N ’

“values/for field sizes Sx5 cm’ to 50%50 cm’ ,kmeasured'on,a

‘ [ ,
fTheratron 80+ dnd Theratron 780+ are provided.'JTMR'values

“as.’measured on both units for small and large field siz

were identical to wdthin 17‘ Comparing our measured TMR s

with those calculated from publrshed TAR s,: we find

similar agreement for- the smaller field‘sizes (54) and the

larger field' .size (130) for depths:‘uﬁ to 20 ‘cm;

\‘~Differences are attributed to' kariations in the . Cobalt
sourcex and collimator (131), and the experimental
difficulﬁfes:in measuring D_ for large. fields (130),

PN

. A ‘ Lo .
+ Atomic Energy .of Canaq@ -
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where D, is the dose to a small isolated mass of tissie.

'

in alr. We are'thus using a consisgtent set wf TAR and TMR

data 1in: our calculation of Batho'correction factors.

. ; O‘ » v % E 3 , 7
L B . o ./. .
IV. THEORETICAL CALCULATIONS : \ \

.In orderwto explain the unexpected performance of the

TMR-Batho. meghod‘ we analysed how. the,;Batho method

approximates the dose in an inhomogeneous; mediﬁm. For.

comparison, we also calculated the dose due to primary and

-

singly—scattered photons analytically ~(139)1 © For

Cobalt 60 radiation, the. ‘dose - due to’ primarj and

0

singly- scattered radiation accounts for 93% of ,the total

dose at a- depth of 10 em 4in water and a’, large f#iig*af;19
cm radius (140), consideration of only " the primary “and

first scatter components thus yields a reasonable e(;imate
¢

v

of theastructure of the solution._ Consideration of higher

A
order scatteringA is‘ possible to second order (140), but

beyond this an analytic sdlutionv'is. intractable (for a

finite heterogeneous fmedium).r lhe”application of Monte

Carlo technique is possible, although ,time—cohsuming

(133) However, thise approach does not yield a structured

'solution which can be compared term—by term with the Batho

'equation. The latter is important if the implicit

limitations of the Batho approach are to be identified and

’

understood more clearly.~

A. Analytfc Calculation



i78

The total dose nt P is decomposed into 0
DA‘. DO + Dl + Dz + 00..0.+ Dn . o
R _ . o }

.~ where Dj ' = componentaof dose~due to 'photons ~which ‘have

[

scattered - times ptior ‘to-interacting'at P. * In the

following derivation, we only solve for Do and Dl ~ N '
' Assuming monoenergetic photons of energy ‘Eo hncident

on a‘_homogeneous medium}_ and electronic eqquibrium at

~point P (see - Figure 3.18), the 4dose ‘due to- primaryg
1 . . B ! "
radiation. is- trivially

g o T e e : (1)

[+ N
0 .
N

a'where depth in phantom (cm)

incident photon number fluence (photons/cm? )

©
o
]

(UEnﬁﬁ = mass energy: absorption coefficient (cmz/g)
1o . !

Yo =linear attenuation coefficient (cm ) for the medium
_at*photon energy E (M%k).
B le) » ’ “
&\;f The dose at P, due to singie scattering at elemental

volume Q also:§§§§ming electtcnic equiiibrium, is:

PN

da_ W E. ,

‘ - - é do -
i ~ . dQ rz. . P dA o B
' ) 3 p ) N
3 where: %% = differential ‘Compton’ cross section per

unit solid angle (cm? /e) -

«

}Ef'= once scattered photon energy (MeV)

o % electron density (e/cm®) of medium
: \ ,
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(uHJp) = mass energy absorption coefficient‘for

once-scattered photons (cm?/g)
g1 = linear attequation coefficient (cmol)
for first-scattered photons#

dAp = element of area at P. . , P
. |
‘ )

Assuming a parallel ‘circular radiation fileld_ and ~ a

spherical coordihate system, the total first scatter dose

at P from all surrounding elements rearranges as:

"m Hy
D1 27rne ¢ e "10% °E _prl )3 s1n6 dC "'( UoCOS@ ul) dr ds
do

where:'\“gm = maximum radial distance from P to the

geometfic‘edge of ‘beam;, or, integrating over T,
© { ° ) ' /

rol Hocoss -u1)

D, =2mn, ¢ee Ho Eq (—6—
_ | 0 - T de (uecosé - 1)

Coneidertnqy‘ F?é hcmogeneous phantom es two .sepgrate

HglayerS'rcf iw5ter equivaieht ‘material as shown.in'Figutez

3.19, in order Lto calculate | sepérate - scattetg

contributions.‘ The first- scatter dose Dl‘reachicg point\P
I

can be divided into two parts; Dha(d

first-scatter dose at P origina%ing in layer I, Dii(dl) is

l) is ‘the
the first— scatter dose at P origiﬁating in .layef IT.
‘Then, restriction: of the limits of integration to within

Ilayera I and I1 yields:

1]
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Fig. 3.19 Geometry used for calculation of first-scatter

dose to point P from two separate layers I and IT.

cap



» ‘ i 5 3
max
' M 11d, /cost )
en, .., do -(""72 o
‘DI (1) = 2mg,, :‘r’oerO(dl-dZ)'/’ El(—-f;—)lsmo — e N
. 0

'

’ r,.I.(uocose -v1)

(e - 1) 4a (%)

(MoCOS O -1y )

I
where ¢ = = maximum distance to the edge of regilon 1

o
11
do (e (Hoc0S S -u1) 1)

Iw
0 d2  (uo cos® - ui)

II .
where r =~ = maximum distance fxom P to the edge of regilon

3 N

11. ' ' ' .

.

For comparison with the do§e calculated by the Batho .

method, we also require an expression for the scatter
contribution from the second layer when the first layer 1is

removed:

P " Uen do (er,}.I(Udcose - Ul)_l)
p.eHodp | Ey(57)q sine — | —d8
0" 0 dQ (ug €0SO - 1)

Suppose now the two layers are replaced by two

D (d2) = 2mn

ew

different ‘layers of electron densities ( 52) and ( 03),
relative to water as 1in Figure 3.14. Then, in the

expressioens (4) and (3) for first-scatter dose, all

0y

distances in the layers must be sq&ied by. éﬁe, relative

electron density appropriate for each layer (80).

Therefore, the first-scatter dose at P originatiné—.in

II -, U ‘\\ .
Dy,(dy) = 2mng So e Uodl] El(—%ﬂ)l\}sme— - 4 de-

(5)

(6)
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layer 1 of density p, 18:

8

mag
DI(d ) - 2”" @oe‘uo‘)Z(dl"dz) E (____e__rl) sine 9_9_ e‘(ULF))dZ/COSe‘) """"
1'71 el 1Yo ‘1 a0
* 0 W
P rI(u cos8 -u1) «
("3 m M0 YVoo)
""" de (7)

: »(UoCOSG - i)
and first scatter dose at P originating 1in layer I1 of

density Py 1s: ‘ !

[
(eosnnl(uocose -0 )

..... - de (8)
(ug cost - u1)

In order to express Dil(dl) in terms of the dose in water,
D{i(dl), we use a Taylor expansion of the exponential

term, i.e.,

nil( Lcos8 - u1) _ 1]

SRR § TEP
[ P ( uocos® - ui) _ g 3 = ps e

Then, comparing equation (5) and (8) we obtain:

Yo (deed) (1-p3)uod 11 '
D%I(dl)_= e(1 p2)uo(dy dy) e( p3)u§ 2 p3 Dlw(dl) (9)

In ordef to simplify the expression for the analytic dose,
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ve may express it an : D D (1L + D /D ) where D /D {a
A 1 o | 1o

(o)

the ratio of single scatter to primary dase at P. Then,

using equations (1), (7), and (9) we can write:

H - -
DA = °0 (__%_n_) EO e Uo[Dz(dl dz)”'O!dz] e

a {1+

B. .The Batho Equation

For the situation depicted 1in Figure 3.14, the Batho

corrgcetion factor using TAR's is given by:

(TAR(d,,r)1°7°7  [0,(4)1°27°% (0,117

CF,(TAR)
B I-p PLa=pP2
> [0,

[TAR(d,.,r)]°" P2 [D,(d))]

[Dw(dz)] P3—pP2
l-p

an

1-p
(o0,] 3

where Da = dose to a small mass of tissue 1n air,
Dw(dl) = dose in water at depth dl’
Dw(d2) = dose in water at depth dz.

The revised Batho correction factor, substituting - TMR's

instead, 1is:
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( (TMR(dznf)]‘),—ﬂl - [Dw(dz)]ﬂnwﬁz [omjl".@?
7 CFa(TMR) = ‘ , — —
M%" B [TMR(dl.r)]I'Qt [Dw(dl)]r [VF) tom]m Vi

[0,,(d,)17""2
' . (0,(d))1" "

1-p
[Dm] ’ (12)

where Dm {s now the refarence maximum dose, measured 1in
phanton. The only difference between CFB(TARO and
CFB(TMR) {s in the use of different calibrations which are

based oh D‘ (no phantom scatter) or Dm (phantom scatter),

A

respectively.
We can now proceed to calculate DB. For
[
simplffication again, we divide the dose in water into {ts

primary component, D, and {ts first~ scatter component,

' 1 I
Dy, =@, (4 *+ Dy (d). Then,

. Uod
e ! I
Dw(dz) = Dow(dz) (14— Dlw(dl) ] (13)
: b, (20
"0( o ) EO
and ‘
Hody I 17
D (d)) = Dg(dp) [ 1+ E——— (D0, (d)* Dy, (dy) ] (14)

W
en, .

I I1 .
where Dlwgdl) and Dlw(dl) are given by analytic
expressions (4) and (5). The dose calculated using the

~Batho correction factor, equation (12) is given by:

»
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(MR) D (d)) .

D, (TMR) = CF | |
g(TMR) = CF g ey
= [D (d )]Da Dz[D (d )]ple p3[]_ +. Dl (d1)103 [oF}
Ow Uen 1w
..... e ] 11 02" sy
e CICUR S MCER
bo(—)E - :

O If DB is approximated by a first-order binomial expansion,

then -

_DB(TMR) - [0, (220 )Eolp3 ¢Haloz(d)-dp)*eadylpl-os

'G U‘Odliy : .
1+ & (o0l () + paD)y(d1))] |
..... ' "~ Ven LS TANS EER S AN 58 (16)
o4 But D = Pm‘(l +.8 /P ) ‘ - _
moe  depy r 1 e spalmes = ploeapy vy
,Dm Pe = Pm_?a -[ ! +‘ Sm(Pm] PoE me el '.03) S"‘/Pm]
Pm = @ ( )E eﬂmdmax :is the primary dose and S; ;is

the scetter' dose ‘in phantom "at the calibratio% reference

depth. - Then,

‘;DB=@obe?l)Eoe-Updm+93U0d mfe -uo[oz(d— )+Qa 2]}(1%(1-03)Sm/Pm) .....
UOdl . : I X
..... {1+‘—_11_——[92D (d )+D3 W(dl)]} (17)

7 L » ¢o(———)E
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"For the Batho. correction factor to yield a dose which 1is
~analytically correct for primary and"first scatter, we

require that equations (10) and (17) be equal:

>

L+ er[Oz(dl d2)+pad2] DI(dl) . pael-lo 1 Dlw(dl) _ e'\lo\dmkl'p:i)

o
w0 g S

o o= pody Moo ‘
(1% (1=p2)Sy/Py) (1% (e 1 /40(20) f)loady, dy) * o0, (d)T) (1)

: , A
For the case when the measuring point P lies in water—like

tiesue'beyond lung (i.e. Py = 1,92‘* 1)

| S , O . .o -
and condition (18) is exactly satisfied as 'shown by Wong
and .Henkelman (139). 'Notel that infdthié tase,, the 7

referencevddse, Dm dr Da cancels and does "not iappear» in-/

‘relation (18).  This suggestg§that agreement beyond lung}».
' i / .

between measured and calculated values would not depend/onv.

the ‘choice of TAR s or TMR s, as shown experimentally in
v#Figure 3.17. ~ However, for" points,v P ':within - lung

(1,é. ;%,=nl andv p3'¢ I ) ‘relationd (18) cannot t‘be-

simplified. " In order‘ to‘ .verify the equality D (d ),A

D (4., A I (d ). and the dose at the reference point S,

W 1 ’ \ . m--

Pm'must'be evaluated. . B .
LA comnuter program ‘was written in FORTRAN 77 to

-
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/ ' . o .

1 . ’ . ) : :
/Ealculate Dy (d )/'¢o ‘ , l)/ Qo‘ , and DII(d')/ Py

analytically for some of the experimental conditions used.
Results .are\ shown 1n Table 3.9:” Equation (18) can be
rearranged so that we can calculdte Sm/Pm-f

N . - Lo B .
~'1' . C . . S . | .
— : ]

s /P o=
(1-p3) e ‘

mm.

. . . ) _
; ( ) E + er[Oz(d 'd )+Ds 2](0 (d )/¢ ) i pserdl(Dlw

(1’-03) e'“°dm(1_'°3 E—Zﬂ) Eg + €091 {py D, (d))/00 + ’p‘a?iw’(d‘i)/¢§}]

(1)/q>)

(19)

-

‘§m/Pm can. also be obtained from a Monte Carlo calculationl

For a Cobalt- 60 beam and a field size of 10x10 cmz,lsﬁ/?m

e

vis 0 039 (T. R Mackie, private communication), which is"in;
very good agreement with the 'values as calculated by"
_equation (19). Wong (140) gives, Sm/Pm = 0.043 for -an ..
" infinite field size. Therefore, using - CF (TMR) we expect
good agreement with measured values in lung. If‘ CF (TAR)
e
.iwjuhad been used Da would appear in equation (16) ‘tnstead. of
D_ and Sa/P would be used instead of 'S /Pm in equations

(17), (18),vand (19) The right nand side of equation (19)

xwould remain unaltered but would now equal 87/9 . This‘

. a a
S expression was alqulated by computer and its‘numerical
vallue is given ~in = the last eolumn ;of ~ Table 3.9.

Typically, ~the layer ufor electron »equilibriumnused at
Cobalt 60 1is only 0. Scu so that S /P is negligible and

: does not' give the correct numerical result. The correct’
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Table 3.9: Analytically calculated doses at P
(Figure 3.19) for different thicknesses of the

layers I ‘and IT.

D.7(d,)/ ¢ D (d)/ ¢ D;(d,)/ ¢ :
1W"1‘ O‘ » _lw‘,l . :v¥> 1 ° calculated.Sﬁ/P-
(keV;sz/g)‘ (keV cm? /g) (keV. cm?2/g) . 0;183/22

kfFié}d‘aiamefer = 5.6 cm’

dy=15cm -+ T e e S T

d2=10cm'vx . 2.7600 o 0.2709 0.4213 : ' 0.0322
o 4y =15cm . R ' , ’ RER .

-.‘Igyd2=7.5cm 2.5180  0.5127  0.7167 - 0.0326 °

" dy=15cm | L - R e : s
d,=5cm _ o 2.1221 . 0.9088 1.1423 . 0.0331
dj=15cm S S o £

dy=3cm 1.6015° 1.4295° - 1.6495 . 0.0338
dy =15cm SN : : ‘ ; P
d2=1cm}» ' 0.7770 ‘ 2.2539 : - 2.377% . °0.0340

Field‘diameter = 11.2 cn
d,=10cm  4.0045 0.7642 1.2235° . 0.0348
d,=15¢m . - . - | IR : T A o
dy=7.5cm '3.4360 . 1.3327" ©1.9139 . 0.0367
. d,=15cm : _,'ff . : S R _ , | '
 dy=Scm - 2.6817 . 2.0870 2.6834 / 0.0387
| d;.=15cm g ’ . ‘ ' P S o
dy =3cm: '1.9040 o 2.8648 - 3.3597 / 0.0394
N ° . ’ ) // . ! s

/

d1?15cm_  . ‘ R ‘ o | o
d2=lcm - 0.9089 - ’3.8599 - 4.0967 “0.0372

. }’-
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value.to use -in equation v(19)_ is~ Sm/gni 'and therefore

B
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TMR's should be- used in the Batho'correction.‘ D_. and:

CFB(TAR)' would consistently underpredict doses within

Wlung. “From Table " 3. 9 one can qbserve that as the. field:

e

size is‘increasedlthe'right‘hand side :ofi equation (19) )

.

-

~increases }% value. - Sﬁ/Pﬁ “also increases ‘for latgef'

fields, but ~S;7Pa- remains ,negligible;' Therefore, the

deviation of CF. (TAR) from - measured _values shoould get.

L 4

larger as the field size. is increased;l this is also

Hobserved experimentally.

~ The fact that CF (TAR) is lower - than CFB(TMR)' ¢can

B alsc be deduced from- equation 1B.

: No p3=1
#QFB(TMR) = [TMR(d r)\ 3

. BRI |
ITAg(dz,r>/TAgfdm,r)1 3]

[1aR(a,, 10770 pTaR(a L 6)) 103

[

cF, (TAR)[TAR(d ey 1Pl

- For lung,;1¥p3 >1 and [TAR(d r)] >1. Therefbr\\\jie(TMR).
D CF (TAR) and since TAR(d ,r) increases with incr asing

‘field size, the inequality increaSes with increasing field

size. - A partial physical explanation why CF (TMR) should

z

give'better agreementvis that;

(a) the TMR value includes no inherent back'scatter

(b) the TAR value includes inherent backscatter.

In 1ung of density O 3 g/cm backscatter is reduced *and

‘(a) is more approprfa@e.

‘.
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V. CONCLUSIONS S R

In  this paper we ‘have investigated - the 'Batho
power-law lmethodv “for calculating‘ dose ~within lung.

EXperiments‘indicate~g60d agreement between -measured and

Acalculated dose ffor» points in waterelike*tissue beyond

;lung. If the measurement point lies within lung  however, -

there _are large, discrepancies between calculated‘uand-

measured doses only if TAR's . ‘are used.  When TMﬁ's are

substituted “the agreement’.improvesi considerably for

‘Cobalt 60 irradiation.' Agreementuis-alSO good .for 6 MV

X- rays where TMR s are. normally used.

The reasons for these different resulty using: "TMR  or

TAR's ‘ were studied by .comparison with ' analytic

calculations of primary and“first scatter ~dose. : If. the
reference dose calibration is performed in phantom, there
1s - closer agreement ‘between the Batho and analytic

N

‘expression.
; g ';,.-

An improvement in accuracy for dose calculations for.

v

"points within lung by as much ‘as 5% can be achieved simply

vby substituting TMR s in thei Batho fcorrection‘ factor

finstead of-. the” custbmary TAR'Sa‘ This is particularly.

important for large field irradiation, which is 3now' used

M

more routinely (32).



3.6 Complex Heterogeneous Phantom

"The human thorax 1s by no means similar to the Simpleﬁ

geometries discussed in the previqus sections. The lungs
are finite in width separated by a mediastinal section of

o water-like tissue and - mayfbe,smal-er than the radiation

192

field. The simpler 'inhomogeneity }correction avmethods;

.tested ~and discussed in  section ° i3.4 do not‘take into

account the'lateral extent of - the inhomogeneity (except -

for the equivalent 'TAR method). The effect of changing
. the lateral size of the inhomogeneity is now investigated.
Since we are . primarily interested in large field

dosimetry, a ﬁ<ild'size of 40x40 cm2 was chosen for these

experiments. " The experimental set up is shown in Figure

.3.23." A cork thickne35~of 10 cm was used and this’ cork

was - 'shrunken"vlaterally so that its cross section ranged
from,30x30 cm? to 2x2 cm?. ’For‘the simple slab geometries
‘diSCussed‘ in .sectionmn 3.4, the - Batho COrrection method

performed very ‘well for small as well as large fields and

various thicknesses, .of 1finhomogeneities., ' Therefore

measured inhomogeneity correction factors‘”were> compared

with those calculated with the Batho method For a point

’5 cm below the cork section, the correction factors . were

i

jplotted for‘idecreasing ‘lateral ‘'size of. the cork (see
Figure 3.20). Fo}“cork.areas of 1ess.thah 30#36 cmi, the
‘measured ICF increasesbgradually and deviates by 7% from
the oonstant correction factor predicgéd by thei Batho

method for a 5x5 cm? area. of the cork inhomogeneity _For

o



193

. Jo- mcoﬁmcweﬂv Hmuwuma wca>um> uow xuou xuaﬁu ur

wd ¢ ucﬁoa e 1® mhmuux >z 9 uou coﬂuumuuou xUﬂm:wwOEOLcﬁ wsH

- o

- (2] p0d 40 2

. <7 ejyao09 - 9y3

o

ﬂ m.:oﬁmaw

oz ¢ ‘311

07 S8 08 oST 00 . oSU L0l S L0 q
001
201
ofom o MW# 5
vmh:mcmc_ . ’ wo_ nw.nw.., , ]
N 5 0l &
w3007 = AVS - - UL 3
0 07 x0F = 54 (bt 2 ,
Nl s

a

Y0) W2 L ONOAZS 2§

©

ES

[




cork sizes smaller than 5x5 cm?, the correction . factor
N ! B

decreases, as is eipected\since it should return ‘to 1.00
' T

oo

when the inhomogeneity width approaches zero.

Another type of phanton which 'was  invesnigated

consisted of two separated cork volumes on each’'side of a
unit-density "mediastinum” along the central axis. The

cork = thickness ‘was kept at 10 cm, 'whiie their

cross—sectionél areas were 20x20 cm?. In this experiment,

‘the cross-sectional area of mediastinum was varied fromf

3x20 ém; to‘20x20‘cm2._ This set-up 1is sho&n:;in. ﬁiéure
3.21..’ Altpough this gebﬁetry is st}ilurec£ilinear, it
resembles more closely the configurétigg% of~»the kﬁuman
thorax. In this case, the Batho kmetﬁod preditts a
c- consﬁant éorrection factor of 1.0 since thg inhoﬁogeneity

.dpes qbt lieﬂairectly,above the péintkof calculation along

‘the central axis. Expérimentally, and for both sizes of

194

mediastinum, the ‘correction factor varies from 0.97 to

. ¢ . R .
0.99 (Figure 3.21) for all positions of the cork volume.

This lower factor is expected because there is a decrease
in‘5cattere; radiation laterally 1in thié ggomgtry( If
,thefe is only one volume of cork on one side of the
:mediastiﬁum, correction factors of 0.99 weré measuréa for
diétances of the cork between 2 to h_cm~from the central
axis.

In order to calculate doses;cofrectly in the above

two ' situations, only 1inhomogeneity correction methods

which account for the lateral extent of the inﬁdmogeneity
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have the ©potential to be accurate. However, the eimpler
methods could and have been modified for this purpose.
For the situation shown 1in Figure 3.23 a scaled TMR couid
be determined for an equivalent water depth and width.

Then a correction factor can be calculated as follows:

TMR(d!,W))
TeE = TR (d, W)
where d' and W d are the water-equivalent depth and field

size, scaled accotding.to density'kSO), and d, Wd are the
geometric depth and field siee. The field size is scaled
., according to. density 1in both 1lateral directions. A
similar epproach was used'initﬁally in the formulation  of
the equivalent TAR method (108). This factor can be used
inside cork. 'But for calculation points beyond cork this
method would not account for the distance of the cork from

the calculation point.

Another possibility has been suggested by Lulu and

1

Bjarngard (69), and involves dividing the total phantom

into constituent pa%ts ‘as shown 1in Figure 3.22. The
inhomogeneity correction factor is calculated as usual for
phantom 4 which now has an inhomogeneity of dimensions

©

equal to the field. The dose at P4 is:

p, = D, x ICF

e

The eorrection factor for situation 1 is then:’

196
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tce = /D, - D, = Dy + D (ICF)

P,

- | —(1)3/02)(1 - 1CH)

TMR(d,W )D(d_,W )|
-1 - S - 1er)
TMR(d,W‘%i\)D(d JW.)
m' 1

ICF . can also be replaced by any other <correction factor
which assumes the lateral extent of the inhomogeneity 1s
greater tha; the beam size (56). In our case we use the
Batho correction factor for ICF , as-:j had given the best
results in similar situations.\ i

The Lulu and'Bjarngard correLtion facéor ICFLB as
well as the scaled TMR fact;r ICFg w;re tested on the
phantom shgwn in Fiéure 3.23. For cork sizes 10x10 cm? to
35x35 ¢m?%) in a 40x46A cmzlfield, the correction factor
using ICP;LB was \within ' 4% of measured values,
underpredicting the ‘cor?ection factor. within cork but
overpredﬁcttng it beyond, as seen 1in Fig;re 3.23 A,B,C.

v "

The ICF is plotted as a function of parameter "a  as shown

in Figure 3.23 for three sample cork slzes. The
correction factor calculated using ICFsc is within 3% of
the measured values in cork. However, beyond <cork it

/predicts é constant ICF as does th; simple ratio of TAR's.
Thisﬁis expected since this.correétion method cannot sense
thg Eproximlty "of the <cork to the point of calculation.
Theréfore this method 1is apprqpriate for calculation of
doses‘within cork (or lung), buﬁ»nof beyond.

Since the detailed equivalint TAR method accounts for

lateral dimensions of the inhomogeneity smaller than the-

field size, the above situation is one in which it should

198
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\perform very well; lndeed,"within lung,  correction

factors are within 2% of the measured values (Figure

3,23).' Beyond lung, and for cork sizes of lelO cm? and

.smaller, discrepancies are larger. o For comparison,

gr":‘!

correction' factors calculated using the generalized Batho

method adg)also shown in Figure 3 23.

-t

‘,When the cork is only 5%x5 cm? along the central axis

in a”40x40’cm2'field, Figure 3.23 A, ‘irregularities occur

&
!

and bot:h’ICFL.B and*ICFSC underpredict'the experimental

ICF by as much as 8% in the first few‘centimeters of cork.

°

’probe.A Most of the ‘material  above the probe 1is of

lunit density which scatters radiation and 'sets ~electrons

in motion more than cork does. However, ~some cork lies

"directly above the probe and .transmits more ' of these

‘ : » . N ‘ oy E
scattered . photons andA‘electrons get ~'in,  motton than

‘unit-density material. This cork'volume is _insufficieht

tos'achieve “electronic equilibrium, but electrons‘set in
motion in the surrounding~unitfdensity material can . reach
the  probe Lfrom fthree sides. »Therefore the situation is

such that an- excess of - electrons reaches the probe,

which do not account for dose due to electron ‘transport,

@

do not ‘give .the correct ICF.

For the mediastinum'phantom shd&n'in Figure 3.21,'the

correction - factor s plotted versusuparameter "a". TFor

n

the two mediastinum sizes, the correction factor is 0:97

. ;ﬁl S

'In,thls‘case, most of the cork thickness 1leS’ behindu the

thereby increasing the -dose. . The calculation methods .



mediastinum.

to 0;99 for.a113positions of the 10 cm cork:volumes. The

equivalent TAR method "senses” this sitwation and predicts

the correct correction factor.’>The Batho method as well

.

‘as ICF yield a factor of'1.oL It will be in error by

LB

less ‘than 3% for mediastinum sizes 5x20 cm? to 20x%20 cmz.

~ These are;the’typical' medﬁastinum‘ sizes encquntered"in

human hemi—body irradiation. The ICF deviates by as

sc

much as -6% from the measured values. The effect of 'the

cork . on' the dose>at‘the central_axis is exaggerated and

this factorvis not useful for dose calculations in  the

QO

In conclusion then, for-'all" these rectangdlar

‘geometries, the simple correction factors can be used to
calculate‘\doses’ beyond,“within, and lateral» to lung

dinhomogeneities with an accnracy of 3% along the central

along the ’centrai axis in a large fileld; near the first

202

axis. ’The,only_exception,isb for a small"inhomogeneity;

corkfprestw0od' interface, discrepancies of . 8% '»were

detected This "can vbe" attributed to electronic

disequilibrium above and to the ‘sides  of thee probe\ which

ig ,not handled by any of these methods. Geometries such
as inhomogeneities smaller‘-than field size -along -~ the
central‘ axis. and water equivalent‘ material 'along..the
central axis with inhomogeneities to the side will be less

<
of ‘a problem as the energy of ‘the beam is increased (114).

At higher energies the contribution to dose by scatteredv

radiation is reduced,'tand is more forward peaked (i e.
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behaving more like the primary beam).‘riTherefore,' there

203

will be. 'less photfon scatter from points distant from_thei

o J : ‘ ‘ . -
central axis.  However, for higher energy beams, the range

of 'electrons ‘set in motion i1g  greater, and therefore

electronic disequilibrium may’ develop, especially‘ for

small _fields.' Inhomogeneity correction. methods‘<which

handle scattered photon radiation correctly wili not ~be

most . of these methods do . not. handle electronic

v\'disequilibrium, Therefore " there will be‘problems-with
'higher.energy beams“at' interfaces‘_of two media: where

‘electron transport is disturbed.

SUMMARY

correction methods were tested in a variety of situations

“similar to ‘those encountered Sin gfadiotherapy’ of = the

thorax.' None' of "~ the methods performed very well in ali

Q

situations. iIt is therefore recommended that',before any

o

~omne method \is chosen to correct. doses for lung, its

m performance be verified:in the fsituations; likely Cto be

encountered . clinically. Moreover, 1if a method performs

well at one energy of radiation, it is not to ‘be assumed

~that 1t performs well at anot%er. Finally, the accuracy

In, the above .experiments, various _ inhomogeneity

affected by a change in the direction of the scatter, but

of these ealculation methods"should ~ be checked ‘in»-a‘

humanoid: phantom. This will be thg subject of the next

section.



204

3 e Humanoid Phantom - ; I o

So far, only central axis doses in simple rectilinear

phantoms have. been investigated The accuracy of the

_calculationo methods for “off-axis »pbints,. which ‘are

N . B N P v . ' Vv v ‘ ’
relevant - for hemi-body irradiations, was therefore

investigated. The Alderson”RANDO'phantom (62) was used to

'isimulate the human thorax. It is constructed of materials'

simulating the anatomical structures and densities as well

as the typical external shape of the human.

If TMR s measured along the central axis are to  be -

used for off axis ,calculations, corrections “must be
1. .

applied for variations in photon fluence across the beam.

For Cobalt 60 this: does \not create a serious problem -
_ifyecause the primary photon fluence-‘is very. uniform.
(69,113,133). " However, .for X-ray beams -from -linear.

‘acceleratOrs, the fluence "profile" depends on the X-ray

'vtarget; ghevflattening filter, and collimation. For the 6

B / B . . : .
MV accélerator'used in Qur experiments, the‘ profile«' was

measured at several depths. in a water phantom'irradiated‘

Vith a 40x40 cm? field. Results are shown in Figures3. 24 .
The path{'lengths- of primary rays will be different
'off?axis'dne\to the divergencevofpthe beam, Howeﬁer,"for

a 40x40,‘cm2 field at an SSD of:ZOO ¢m, and a depth of 15

"cm in a’phantbm, there will be'a changefin athlength ofp

only 0.07 cnm up to the outer edge of the beam. _Thus the

udi?ergenﬁe of the beam produces a ‘negligible ‘effect“‘for

the large flelds at a distance OfJZOOch. ThuS,,thebmajor
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‘0

differences 1in fluence at a depth are due to the
characteristics of the accelerator and. beam-shaping

‘devices. : o

1

In order to simulate the hemi:body treatment‘a field

size of 40x40 cmép at an'SSD of 200 cm incident on ‘the

posterior side of the\phantom was used. (In practice, a-

pair  of parallel L opposed,--fields is used.) The

posterior-anterior distance in the thorax reglon was
. . L o \ . B . T

1
|

between 21.5 to 23 cm4 The lateral dimensions ranged from

39 ¢m at the shoulders to 32.5 em at the wailst. For

calculation purposes, the field dimensions are determined'f

by‘the size of the field or the size of thee,phantom

xwhichever is smaller;“(26). However, since TMR's change
little for field sizes ranging from 30x30 cmzs to 40x40
‘cm?,;:itb is wvalid to use ThR s measured for a 40x40 cm?
'field to calculate doses 1in the RANDO thorax.. The 40x40
cm}. radiation field encompassed RANDO - slices 12- 26 with
the central axis along slice 18.v The inner dimensions,vas

- well as the densities in the thorax ‘were determined from a

CT ‘scan of- the phantom.» Slices,lé to 23 were scanned,

with a QT slice thickness and indexing of 1. cm. The

average,relative 1ung density of 0.37 ﬁas' determined by
tracing the entire 1ung. The posterior anterior diameter

of  lung in the mid thorax slices was in the range of 13 ‘to

16 cn, while _the lateral size was typically 8 to 10 cm.

Similar wvalues were-obteined fromlhuman‘thorex"scans and

are_slso publishediby Van Dyk et al. (126)l
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Several capsules ‘filled with thermoluminescent (TLD)

powder, Vere inserted in various places into the Rando

. slices number 15, 17 and 18. The precision and accuracy

of this dosimeter is 3% and has been discussed in section'

3.1.3.2 - The phantom wass-irradiated "and. _doses were
determined.  The positions of the TLD capsules are shown
in the CT scans of Figure 3.25.

- To verify the calibration of the TLD dosimeters the

dose at dmaX in) the geometrical prestwood phantom was

measured both-with TLD and with the dionization probe.

From this comparison}' a table of TMR's for a 40x40 cm?

field and the known profile across the beam, doses at all

depths 1in a water phantom can be obtained (3) Doses were
‘calculated for each of the positions of ‘the‘ TLD
dosimeters. 1f the dosimeter was in lung, a correction

factor.was calculated using the modified ‘Qatho 'method
(109),4 the Batho correction according to - Lulu ;and
‘Bjarngard,land the scaled TMR methods described in sect}on
3.6.  Two ICOmputer'calculation'methods were also used to
obtain cOmplete'dose distributions in the: entire RANbO
~slicé. - From these, correction factors nere calculated at
\the positions of the TLD dosimeters. The calculated and
‘measured correctibn factors for several'positions in and
‘out of lung are given in Table 3.10. One of the -computer
'calculations was performed on the computer developed at
the Cross Cancer Institute for radiotherapy planning (8).

A CT image of the Rando slice was entered. The lungs were
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Posterior

Posterior

Rando Slice |7

Posterior

Rando Slice 15

Fig. 3.25 Positlons of the TLD dosimeters are indicated

{n the CT scans of Rando slices (a) 18, (b)) 17,

and (c)‘15;
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outlined by Jjoystick on the video screen and assigned an
average density of 0.37 g/cm®. The dose distribution 1in
lung is ca}culated using the”genefalized Batho correction
method. Such a distribution is éhqwnvin Figure 3.26 for
Rando slice 18. The éorreqtionbfactofs thus obtained are
similar to those calculated 'manuaily ,using the Batho
correction, as expected.

The second computer calculation was performed at the
Ontario Cancer Instituté, "using the detailed equivalent
TAR method bAsed on pixel-by-pixel information available
from a CT vscana All slices 1in thevradiatiop field were
scanned and used for a ghree;dimensional dose calculation.

Such a dose distribution superimposed on the CT slice is

shown in Figure 3.27 for Rando sIice 18. For comparison &

.

‘two—dimensional calculation, usimg only the central slice

"and assuming symmetry in the third dimenéion was also done
L} .

(12). Correction factors calculated using the
two—-dimensional calculation are within 1% of those
-calculated using a ”three—dimensiohal ;aléulation.

Therefore 4in hemi-body irradiations a two-dimensional
calculation would appear to be sufficient provided the

calculation slice 1is mnot near the lung apex or the
1

diaphragnm.

The agreement between ‘the detaliled equivalent TAR.

vilues and those measured 1s Dbetter "than #4%. (The
uncertainty of the TLD'measurement, however, is itSeifa of

this ordeg)- The . simple scaled TMR method also gives

.



Fig.

3.26

- .
\

.4 D SR - e e e e g e e e .
] L Dlage e o Ty *, o £
i 7 e i et - N [ s /

aNr-8 "ll _Q\INU! AW e;nuan yuygt ejeagy avou VDI ER) | EBaEN .
e A - - . ! PR B SaS e

) Mt i ofNuy ‘M -.l“l
P Y \\\
The dose distributiqp.in a CT scan of Rando 0

slice 18 is shown. The inhomogeneity correction

was performed using the generalized Batho

method (109). *
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Fig. 3.27 The dose distribution {n a CT scan of Rando
gslice 18 is shown. The ihhoqogeneity~correctlon
was performed using the equivalent TAR method (110)

as implemented at the Ontario Cancer Institute.

-



values within 4% of the measured correction factors. This
indicates that for the hemi-body treatment,‘doaes witﬁin
lung are bbtnined with reasonable accuracy wusing a
simplified TMR method provided the correct 1n£etna1
dimensions and densities, as obtained on a CT scan, are
entere;. The detailed pixel-by-pixel correction method 1is
therefore not gssgntial for accurate dose calculation - in
hemi-body treatments. The Lulu and Bjarngard Batho
correction performs as well as the simple scaled TMR.
However, the generalized Batho method gives correction
factors 2 to 3% lower than the cher correction methods.
This 1is expected since it does not account for the finite
extent of the lungs. Therefore 1f the generalized Batho
correction 1is used, one can expect doses in lung in the
hemi-body irradiations to be underpredicted by roughly 67%.

More accurate doses are obtained using any of the other

methods. However, a pixel-by—pixel correction meéthod 1is

not gasential. The simpie scaled TMR yields doses with

/xﬂhﬁi accuracy. This simple - method <could easily be

1mpléeented for dose calculations on a treatment planning
cop;uQXru Then 1sodose distribﬁtions throughout the
thorax can be. obtained. The method caﬁ also be used
manpally to calculate doseg at specified locations in the

thorax. ' However, the accuracy of this method, as well as

: ~
the other methods, depends on the accurate anatomical

dimensions and densities obtained from CT scans. The

i{nfluence of anatomical dimensions and densitfes on lung

213
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123
doge- calculations has. been analysed in_‘detail ~and

discussed in several papers by Van Dyk dt al.

(123,124,125) and " has been found to be important. Tn

,summary, the use of ‘a simple lung cbrrection calculatioﬁ
1n conjunction with correct specific anatomical dimensions
and ayerage'density has nbeen found to be Sufficiently

faCcurate forvHBI'pfotocolsg
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4. FUTURE"QORK AND 'conci.u"sron

This thesis deals with 'radiation?induced‘,damagee @od
lung in large field irradiation. “The incidence:fof_
radiation pneu;onitis as a function of. ‘dose to vlung' in’
radiotherapy patients has been documented by Fryer (30)
and. Van Dyh'(128) .Recentiy, fractionated radiotherapy,
which is more common in small field'irradiations, is also -
being used for hemi body irradiations (120) Chemotherangv-
may'_also be given to supplement the radiotherapy.'\Under
these conditions,'the response,ofylung as well as 'tumord‘
willy be 1different.k. Thereforevodose Vreeponse data for
yadiation pneumonitie need to;obef‘deternined %or. these

ifferent conditions.. | -

‘Corticosteroids and 'antibiotics have been found
useful to treat certain 'aspects of the acéte radiationv
.pneumonitisdsyndrome, but~its treatment remains anfarea of
activeu researchj : When"ciinicai symptoms vof'radiatioﬁ-r
pneumonitisﬂhdeveiop, the spatienti uexoeriences E eenere
respirator§"complications and :the' eyndrome"progresses
rapidlf and - is potentially fatall l Intervention is then

"often too little too late"” One of ‘the objectives of

. this thesis was to. investigate a non-invasive test based
on computed tomography '(i.e. CT. scans) which could bév
_ueed.as an early indicator of radiation dahage tovilung.
In order forb thie test to be useful,iit should indicate
accnrately‘the'changes occnring“in lung, preferahlyibefore

\
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clinical symptoms occur. . It should also be superior or at

\ ) .
least as good as other non-invasive tests in terms of

sensitivity “and specificity. The mouse‘lung was first
chosen | to monitor radiation  response using CT
densitometry. The advantage of using mice'is'that a large

number of animals can. easily be studied.. When'animals_ of

the same strain (which are often inbred) and age are-used,

" 216

differences in radiation response due to age . or genetics“

are eliminated and good statistics are obtained.

ca

Moreover, the radiation changes in‘ mouse 1ung -a}ef well

.documented in the literature. The severity of the changes

°

as, a function of dose as well as the development of these'

changes with time are known- ‘Before embarking upon these

experiments, however, the CT densitometry was tested with

large and small objects-and was found to be reliable fbr
‘the study of mouse lungs (sectionms 2.1.5, 241.6;f,2.l.7).

Indeed, vC$7 number -~ changes observed 1in  mouse 'lung

. corresponded to the time course.'of microscoplic’ changes

’

obserﬁed post mortem._ ’More'severe changes were'detected
for those mice irradiated to the higher ‘doses. Thus, dose

response data can accurately be’ obtained using CT

densitometry (section 2.2.2). ‘This test»could now be‘used

to investigate other aspects of the réﬁbﬁtion response of
'lungf
'

Most of the irradiated mice did not survive until the

late phase of radiation-damage. Data for this phase is

therefore limited. Also it is not known whether mice with

5y
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~less severe symptoms during the early phase are those_“”

capable of reCovering, CT densitometry experiments, with
‘micd are mnow being7carried.out by Dr. G. Miller of the

' Radiobiology Group to ~study the- later.*phases‘ of lung

‘damage. These mice are. irradiated to lower doses and are-

eXpected to survive “the 4acute phase of damage. "Dr.

tMiller is also'stuinng.the effect of radiation protector
. drugs. Rats with a lung volume -approximately ten; times
larger than that of mice might\also be considered (section
: 2 2.3, 3)

Once CT densitometry was established as, an.,accurate
‘indicator‘ of radiation response'in.lung,othe second phase
: "
of our experiments was to com@are the usefulness of bthis

test to. other in- vivo tests. "For’® these experiments; dogs;

with a larger lung volume, were more useful (section 2. 3)

CT densitometry was compared to conventional X- ra vmaphy
1 B,t .

and‘two nuclear medicine testsv (section 2.3 The

<objective _was" to determine which of*@hese tests was the.

e

earliest indicator of nadiation damage to lung | In - this

respect, conventional X—radiography was iunferior to all

L)

tests closely followed by the macroaggregated albumin
nperfusion test. CT 'changes were. observed two weeks
earlier? and'changesvin radioaerosolfclearance from lung

was' the earliest indicator of ]radiation response.

"However, the ultimate goal of these tests is to’ apply them

to radiotherapy patients.' Often _in these patients

radiationieffects are superimposed on Trecurrent tumor



growth. This will be difficult to distinguish from

. N . ‘ 3 . } ‘ ) ‘ ‘

radiation changes ifv a radioaerosol clearance ‘test 1s
. i :

being “used. However, 1f a pre—irradiation CT scan 'is

'available, the 1ocation of the tumor can be noted Then,

on subsequent scans, a solid,tumor-can be distinguished

from radiation changes and changes. due to - radiationf alone

can

differentiation of'radiation change from 'tumor is more

quantified. However, for a diffuse tumor,

218

difficult.. Nevertheless the‘ merit of- the CT scan as, an

accurate and early indicator of radiation change in lung

'is"dﬁt'to'be‘underestimated. Another advantage of the CT_~.

scan 1s that it isul? - quicker procedurea,(lS‘ ‘min.’) as

conpared to 40 minutes or. longer for the.radioaerosor
.scan; In the.above experinents the dogs uere"sacrificed
as soon as all tests.:showed | abnormality. Thus, the
correlation of the eagly effects with later effects during

"pneumonitis could “not |, be determined. .This could be the.

basis of a future study where there: should be glongerrterm
'follow-up 'to the late phases; At present however, the

tests detecting radiation damage in - the "prepneumonitis

phase are of 1imited ~value since no therapeutic agent

exists that will modify the radiation reaction. On the
otherk hand, there 1is no {ncentive to investigate such

therapeutic agents as long as it is not known . where aund

when to intervene. The pathogenesis. of radiation'

puneumonitis as well as therapeutic agents to modify_ this

syndrome are . areas of active basic research. For these

N v



studies, an early test for radiation response would be a

. valuable tool. This test should be non-invasive so that

it can . ultimately be employed 1in the follow-—up of
radiotherapy patients.

The CT densitometry test, as well as the nuclear

" medicine test still need .to be investigated under a

variety of conditions. Clinical trials are also necessary

in ‘patients with and.‘without vtumor in lung. The new

. . o

imaging modality NMR.‘(Nuclear Magnetic Resonance)‘ may
offer promise in th“ dltection of edema in lung. ‘Besldes

219

its. imaging capabili y, NMR has the - potentialv to  detect

.1n*vivo chemistry “d e to its ability to‘identify the

'structure and properties’of complex moleculesi(l3g). NMR

‘can _thus ‘not only aid in diagnosis, but_may detect the
Tmolecular changes leading to radiation pneumonitis and may
thus' point. to the underlying cause and process of the
syndrome. This method applied to medicine is still in its
,infancy and its,clinical'value/and potential remain to be
explored.l~ | ! "

‘ Finally, in " this workt “the ~usefulness ‘of the CT

densitometry test was investigated in clinical situations.

CT scans of radiotherapy patients irradiated with .a high

~ J I

‘ local dose  ‘to 1lung, or a lower dose to the entire lung
‘(hemi body irradiation) were analysed to obtain density

information for diagnostic _ purposes (section 2.4).

Average densities_'obtained for  our patientsd " lungs

excluding the diseased bregions agree " well "with the .

L



publiShEd values (129). 1In the patients'receiVing a ‘high
local dose to lung CT number changes indicated radiation

"changes and/or tumor volumeA changes-. In the patients

receiving hemi-body irradiation no densityvincreases‘were.

observed, as expected for dose _deliVered '(6 Gy in 8

'fractiOns)‘ . This 'study is ,gggoing with a new group of"

patients irradiated to higher dose levels.

Although radiation pneumonitis will not be fatal 1if

only a: small part ofi<the lung is irradiated; those

patients'who have a smaller volume - of.- lung jrradiated

220

.receive ‘much higher localized doses. In these cases, the .

area of irradiation is well defined CT scan can be used

/

to obtain dose response Jdata, at such sites. 1In such"

cases, an accurate dose - distribution_ should be computed

using CT . scans (11 125 130) ‘ This data‘ can also be
obtained for fractionated radiation. If accurate .dose
v response4‘ data. are available for _all these clinical

'situations, then dose to*lung can‘be/increasedito ,achieye
- a ‘greater therapeutic vgain. 'This presupposes of course
'that dose can be accurately calculated and vdelivered' to
lung. Chapter 3 of this thesis therefore deals with lung
dose calculatiOnsf

The existence of a low density material such as lung
in unit—-density tissue alters the dose to points within
and befond-lung in a complicated way. The primary as well
as  the scattered ;radiation iis affected. Lung dose

'calculation algorithms are often crude,‘ accounting only



for primarym changes in dose caused.by the inhomogeneity.

However, inaccuraciles in delineation of inner anatomical

contours and densities can introduce greater errors. Wwith

CT scanning the possibility exists to obtain_,the correct
internal geometry and ‘densities of tissue structures.. The
accuracy of lung dose calculations is now limited . by . the

accuracy of the calculation algorithms and much research

is being’devoted to improve these (21,69,71, 110 141).

In this thesis, application of ’the , lung dose

calculation  methods to large field irradiations is

discussed. The simple calculation algorithms as well as a

" ‘more complex "pixel—by—pixel dose correction method wasv

tested. Depending upon the type of radiation and the
complexity of the phantom, these methods may’ perform well
in one situation but not in another. Electron transport

becomes a problem with higher energy beams. None of the

simple inhomogeneity correction methods account  for

"

¢changes in _electron, transport at the interface of_two

media. Monte Carlo and: ray-tracin% (or conyolution)
complex ‘ computer‘ calculations can overcome _this
'1imitationa

Methods such as the simple ratio of TAR's: (effeclive

$SD) (21) which only account for changes 1in primary

.radiation are not sufficiently accurate even. in -simple

221 -

situations (section ‘3.4). Methods which indirectly .

account for change in'scattervsuch as the Batho method

(109) perform very well, and (surprisingly) better than



ﬁixel-by;pixel correction methods (equivalent TAR)A;n: the
simple geometries, giving agreement with measured values
wicﬁin and beyond lung to 2%. This methoa, however, does
not account for a situation where the léteral extent of

the inhomogeneity is smaller, than the radiation field
size, and does not perform well in these mofe complex
situations. ' For such cases the "pixel-by-pixel™

equivélent‘ TAR method (107,110) senses this situation and

gives better agreement with measured values. If the Batho

method 1is modified as proposed by Lulu and Bjarngard (69)'

to ;ccount for the lateral extent of the {inhomogeneity,
agreement: 1is within 4% for complgx siﬁuations (seétion
3.6). A simple scalgd TMR mefhod devéloped during this
work, gives agreeﬁent.to within“3Z.

F;r the 6 KV X-rays used . in our"expérimenté the
region of electron di;equilibrium extends over 1.5 cm in
unit-density.méteriél;: Thus,Athere will be .inaécufacies

-
;

in dose <calculation ;near the interface .of two media.

. / _
"However, this region is not large enough to warrant use of

4 ’

-Monte Carlo or ray tracing methods. - At present; use of
these methods cannot be contemplated in. hemi-body

irradiations due to the time involved (section 3.2).

Finally, dose calculations were performed for a

humanoid phantom (RANDO). This phantom was irradiated

using the same set—up as for the hemi-body 'patients

(section 3.7). Calculated doses were compared to measured

doses. In this complexOCOnfiguratién; dose computations

222



performed using the equivalent TAR method, the Lulu and

Bjarngard version of the Bathb method and the scaled TMR

all gave good agreement with measured values within and
out ;f lung (*4%). For all these calculations, anatomic
Vinformation'was obtained from CT scans. With this correct
1n{ormation even- the simplef iﬂhbmogeneith cdrrection
methods yield  dose ﬁ@}lculations with ' 4% accuracy 1in

hemi-body irradiations. 1

The work reported 1in ;his ‘thesis, has validated

computed tomography as a ‘vaiuable t§91 for Both
radiotherapy planning'and diagnqstic follow-up,v In the
_protocol for the‘.hemi—body irradiations ' at tﬁe Cross
Céncér Institute the total dose to lung was kept at 6 Gy.
This dose was prescribed to mid—lung assuming unit-density
for lung. Such a calculation, where the density of 1lung

1s not considered will underpredict the dose by more than

10% at some locations in luwg. The correction factor at

mid-lung in RANDO slice 18 is 1,073 calculated using the

equivalent TAR method. The dose at this’ position would
therefore be 6.44 Gy as compared to 6 Gy prescribed to
this point by the CCI hemi-body irradiation _protocol.

Subsequent to the present work, dose at any point in lung

can be calculgted with 4% accuracy.
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"
PROGRAM SINGLEFOR
Ellen El1-Khatib

June 17/83

This program calculates the dose due to first scatter

from two separate slabs of a phantom.

real*é pi,rsq,elecm3,hn,1m,x1,x2,field,TAND,COSD,SIb@
LS /
Parameter(PI=3.1416) ’ S

Parametef(elecm3é3.343E23)

Parameter(rsq=7.941E-26)

type*,'Please enter primary linear attenuation coefficient
1 (cm-1):"

agcept*,xmuo

suml=0.0

sum2=0.0

type*,;Please enter primary enérgy (ﬁev):'

accept*,hno

alo*hno/b.Sll

type *,' Piease enter the field diameter (cmS:'

accept *, field’

type*,'PléaSe enter distdnce-ff&m surface to prébe xl (cm):'
accept*,xl ’
type*,'Pléase‘enter thickness of lower layer x2 (cm):'
accept*,ii‘

type*,'Please enter electron density relative to

1 water of second layer'
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accept*,rol

do a=Q.o,179.o,o{01
.ct=COSD(a)
al=alo/(l+alo*(l-ct)).
hn=al*0.511

hn is_the energy of the once scattered photon//

Differential Probability

i cm=l-ct
cp=l+ct*ct
tem=cp*1.0/((l+alo*cm)*(1+alo*cm))

tem=tem*(1+alb*alo*cm*cm/((1+alo*cm)*cp))

dsig=(rsq/2.0)*tem

Integral Probability
'temp=(2*(1+a1)/(1&2531)—ALOG(1+2*;1)/al)*

1" (1+al)/(al*al) o
tgmp=temp+ALQG(1+2?al)[(Z*al)—

1 (l+3*al)/(1+2*al)/(1+2*a1)

linear attenuation bogffiqient of the once scattered éhotpn

xmul=temp*rsq*2.0*PIl*elecm3

ineegral enefgy transfer coefficient ? ﬂ 6
temtr=2*(1+al)*(1+a1)/(al*a1§i£:g*a15§—(1+3*é£)/

1 (1+2*a1)}(1+2*a1)
Ne#tr=temtr+(l+al)*(1+2%al-2%al*al)/

1 (al*al*(L+2%al)*(1+2*al))

temtr‘temtr~4*al*al/(3*(1+2*al)*(i+2*al)*(1+2*al))

) =



temtr-temﬁr—((1+a1)/(al*al*al)jl/(Z*a1)+1/

1 (2%al*al*al))*ALOG(1+2*al) ——

mass energy absorption coefficient for scattered photon

xmulabs=temtr*rsq*2.0*PI*elecm]

evaluetioq of integral
y=xmuo*COSD(a)-xmu1
fif(hTAND(field/(z.o*xz)).GE.a) then
maximum angle for first slab is smaller than 180 degrees
determine whether this angle has been reached
1f(ATAND(fie1d/(2.0*x1)).GE.a)then
1m=(x1—x25/COSD(a)
else
1m=((field/2.0)-x2*TAND(a))/SIND(A)
eqd if
x=xmu1*ro3*x2/COSD(a)'
1f(y.eq.0.0)then
r=0.0
eise
r=(EXP(lm*y)-1)/y

end if

Evaluaﬁion of swl
Su=hn*xmulabs*SIND(a)*dsig*EXP(—x)*r*0.01*(PI/180)
suml=suml+Su

ya
end 1f

1f(ATAND(field/(2.0*x2)).GE.a)then -
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rm=x2 /COSD(a)
else : ‘ :
. rm=field/2.0/SIND(a)
end 1f
1f(y.eq.0.0)then
st=0.0
else . . o ~
st=(EXP(rm*y)-1)/y Y

end 1if

Evaluation of Sw2
ad=hn*xmulabs*SIND(a)*dsig*st*0.01*(PI/180)
if (abs(a-10.0) .lt. 0.01) then ¢

type*, 'hn=',hn
type*,'dsig="',dsig
tybe*,'xmu1=',xmu1
.type*,'xmulabs=',xmu1abs
type*,'lm="',1m
type*,'rm=',rm
type*,'Su=',Su
type*,'ad="*,ad
endif

sum2=sum2+ad

enq do

sw1f1u=suml*2*PI*elecm3*EXP(—xmud*(xl—XZ))
type*, 'This is first scatter dose per
1 unit flux from first layer'

type*, 'swlflu=",swlflu
. ///

I

\
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N, -
sw2f1u-sum2*2;O*PI*elecm3*EXP(—xmuo*xl)
type*,'This 1is the first scatter dose

1 per unit flux from 2nd layer'

type*,

type*,'Pléase ente£ primary energy absorption coefficient;'

accept¥*,

sp-stflu/(xmuoabs*hno*EXP( xmuo*xZ))
type* ‘This is the first scatter to primary ratio of the
1 second layer'

i\
type*,'sp='

stop

- end

'gw2flu="',sw2flu

xmuoabs

sp

%
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