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Abstract 

This study describes dose measurements made for linear slit scanning radiography 
(LSSR) and a dose prediction model that was developed for LSSR. 

The measurement and calculation methods used for determining entrance dose and 
effective dose (E) in conventional X-ray imaging systems were verified for use with 
LSSR. Entrance dose and E were obtained for LSSR and compared to dose measure­
ments on conventional radiography units. Entrance dose measurements were made 
using an ionisation chamber and dosemeter; E was calculated from these entrance 
dose measurements using a Monte Carlo simulator. Comparisons with data from 
around the world showed that for most examinations the doses obtained for LSSR 
were considerably lower than those of conventional radiography units for the same 
image quality. Reasons for the low dose obtained with LSSR include scatter reduction 
and the beam geometry of LSSR. These results have been published as two papers in 
international peer reviewed journals. 

A new method to calculate entrance dose and effective dose for LSSR is described 
in the second part of this report. This method generates the energy spectrum for a 
particular set of technique factors, simulates a filter through which the beam is at­
tenuated and then calculates entrance dose directly from this energy spectrum. The 
energy spectrum is then combined with previously generated organ energy absorption 
data for a standard sized patient to calculate effective dose to a standard sized pa­
tient. Energy imparted for different patient thicknesses can then be used to adjust the 
effective dose to a patient of any size. This method is performed for a large number of 
slit beams moving across the body in order to more effectively simulate LSSR. This 
also allows examinations with technique factors that vary for different parts of the 
anatomy to be simulated. This method wac;; tested against measured data and Monte 
Carlo simulations. This model was shown to be accurate, while being specifically 
suited to LSSR and being considerably faster than Monte Carlo simulations. 
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Glossary 

Dose-area Product DAP 
Entrance surface dose multiplied by the cross sectional area exposed by the 
beam. 

Effective Dose E 
The weighted average of the dose to each organ. 

Effective DQE 
A measure of system performance. 

Electron Volt eV 
Unit of energy where leV = l.602 x 10-19 J. 

Entrance Dose "free-in-air" 
Dose in air at the patient surface excluding backscatter. 

Entrance Surface Dose ESD 
Dose in air at the patient surface including backscatter. 

Exposure X 
Amount of charge per unit mass produced by ionising radiation in air. 

Focus-to-collimator Distance FCD 
The distance from the X-ray focal spot to the collimator. 

Focus-to-skin Distance FSD 
The distance from the X-ray focal spot to the surface of the patient. 

Gray Gy 
Unit of dose where 1 Gy= 1 J /kg. 

Half Value Layer HVL 
The thickness of a specific material that will attenuate the intensity of the beam 
by half. 

Hertz Hz 
81 derived unit of frequency. 

International Committee for Radiological Protection 
An international advisory body on radiation protection. 

Ionisation Chamber 
A chamber used to measure exposure and dose. 

ICRP 
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C;H\)UJ""H energy to ionise atoms. 

J 
derived unit of nn,Qra'u 

Projection 
A projection 

Monte Carlo Simulations 
U sed in medical 
or other particles 
estimate risk. 

A vV.lHLU'COL 

A quantum/particle 

Roentgen R 
Unit of exposure 

Scatter fraction 
The fraction of 

Scatter-to-primary 
The ratio h.nihn,~n ..... 

Unit of 

A commercially 

Technique Factors 
Parameters that can 

through the 

IJU'v(,<C"V,.O to simulate the path 
body during treatment or UH."",1Vu,H"u 

simulator for \'A'ML\JU""'C"UH 

a photon is n",ic<>r1r",rI to an 

Lectrc)magne·tlc radiation. 

x C/ kg. 

scattered X-rays. 

ael;ec·tea signal from scattered primary 

where 1 

scanning X-ray HH""-'''''U'". 

""M"'''''F,v,-< to optimise the X-ray 
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Thermoluminesent Dosemeters TLDs 
Crystals energised by radiation and used to measure dose. 

Tube Current rnA 
The current from to the flow of electrons from the cathode to the anode of the 
X-ray tube, typically measured in rnA. 

Tube Voltage kV 
The potential difference between the cathode and the anode of the X-ray tube, 
typically measured in kV. 

Volt V 
81 derived unit of electric potential. 

X-ray Spectrum 
The flux of photons of each energy in the X-ray beam. 

X-rays 
High energy electromagnetic radiation derived from interactions outside the 
atomic nucleaus. 
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1.1 

Wilhelm Roentgen by accident 
rays. The publication of his observations 

wife's hand started a craze in which 
and layperson.s across the world. 

where interested people could a 
was no thought to the risk from X-ray radiation at 

reported burns after being exposed for long periods of 

and cancer was firmly established. It was found 
to the amount of radiation exposure and certain or-

cancer when exposed to radiation than (Ron, 
measures were introduced to quantify the amount of to 

1JU>1'~v'''' is exposed. dose is a particularly useful measure of 
account the sensitivity of each organ to radiation 1991). 

not enough attention when performing an exam-
that the risks from the radiation dose are often not 

au.,'V"'J"""'O~O or justified in terms of the image quality. It 
the patient dose for 
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CHAPTER 1. INTRODUCTION 

order to determine whether the scan is worth the risk or whether the dose should be 
reduced. Slovis (2002) also points out the responsibility of manufactures to try and 
lower dose while maintaining image quality, and to' explain to radiologists how dose 
and image quality can be optimised on their system. 

1.2 Motivation and aims 

Lodox Systems (Johannesburg) have developed a linear slit scanning X-ray machine 
known as Statscan; an image acquired by Statscan is shown in Figure 1.1. Unlike 
conventional X-ray systems where the area of interest is exposed at once, Statscan 
uses a thin fan beam that travels across the patient during the examination. Statscan 
was designed with the intention of offering a lower dose than conventional radiogra­
phy without compromising image quality. 

The Statscan system is used primarily in trauma imaging. Thorough evaluation of 
the dose delivered by the system would allow comparisons with other X-ray imag­
ing technologies and would highlight applications other than trauma for which this 
and other slit scanning systems could be adapted. Due to the newness of linear slit 
scanning technology, the suitability of methods used to measure dose in older X-ray 
imaging systems for use in LSSR has not been determined. These methods include 
the use of ionisation chambers and Monte Carlo simulators. 

The aims of the first part of the project reported on here, were (1) verification of the 
suitability of available dose measurement methods for LSSR; (2) comparison of the 
dose delivered by Lodox Statscan to that delivered by other x-ray imaging systems; 
and (3) further development of the reasons for dose differences between LSSR and 
conventional X-ray machines. 

The aim of the second part of the project was to develop a model to estimate the en­
trance dose and effective dose that a particular patient would receive during a specific 
examination using LSSR. This model was developed as a software programme that 
Lodox Systems will be able to incorporate into the Statscan product. The advantages 
of such a programme over the earlier dose calculations for standard examinations are 
that no tube output measurements are required to calculate the dose, the speed of 
calculation is greatly increased and the accuracy is increased because the programme 
was designed to simulate the geometry of the beam more accurately than currently 
available Monte Carlo simulators. 

17 
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CHAPTER 1. INTRODUCTION 

Figure 1.1: An X-ray image obtained using the Statscan linear slit scanning X-ray 
machine. 
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2.1 Radiation 

1.1 Introduction to electromagnetic radiation its ef-

c= hv 

where h is Planck constant h = 6.626 x J.s. c is to U,",">IUDC. jJUV'DVH 

so it can aile.ph,"P dose 
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(HAPTER 2. LITERATURE REVIEW 

energy are electron 
1 e V is the amount 

a potential difference of one 
energy measured in joules (J) and qe 

(Pollack and Stump, 2001). 

and gamma rays 

on the human body U<:O'vCLl.lOv 

This can 
the functioning of 
DNA, which can 

Q,UJlCLCJeVU can divided into two categories, "~'''.V • .Y 

minis tic c>rrc't'>TO 

large quantities of 
a certain threshold 

Sensitivity to 
varying degrees 
than the liver, to a 
(ICRP, 1991,2008; Ron, 
carry the same 
aminations 

(ICRP, 1991). Deterministic vU'-'vuu 

affect the functioning of that 
Stochastic effects occur when are 

of becoming cancerous or 
u""",'V"",.., are oa:ssed on to offspring (Hering, 

v.lVUU""" cancer from 
so two eX11mma 
of the 

is a linear relationship between the 
(ICRP, 1991; Ron, 2002). The 

can be to calculate the num-
\jn..t\.CLll,UC;':> and Fotakis (1994) calculated 
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the radiation 
than 
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2.1.2 radiation with matter 

2.1 The photoelectric effect 

A photon from 
shell the atom. to overcome 
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vu,u"',LJ"u.'~~ is converted to kinetic 
filled 

however, 
binding energy of 

scattering 

energy 

2. LITERATURE REVIEW 

h<>1h,,,'<>n a photon and an electron 
to energy of 

the energy is 
amlterred and 

process is by the and Heaton, 1987) 

and 1> is 

2.1 

6.<:: = 

energy of the lJ,Uv",nJ.. 

which the photon is "'-'Cb~u':a 

and propagation of 

tube 

is made up of an anode and a vu.'JU'-,,-<V 

'''''TY'r,r>O hit the anode 'AVLtOJ.J.J.>'. 

1987; Khan, 1994). 

energy of the 

Compton interactions 
uu.J,UIJ"A of 

radiation 

a large applied potential 
(See Figure 2.1) 
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CHAPTER 2. LITERATURE REVIEW 

2.1.3.2 Emission spectrum 

The high energy electrons released from the cathode interact with the atomic nuclei 
and electron shells in the anode. The negatively charged electrons are attracted to 
the positively charged nuclei by the Coulombic force, which bends the electron path, 
accelerating the electron. Accelerated charges emit radiation and for a high enough 
acceleration this emitted radiation will be in the X-ray region. This interaction is 
known as Bremsstrahlung and results in an energy spectrum that has the highest flux 
for low energy photons and decreases linearly as the photon energy increases. The 
characteristic shape of the X-ray spectrum (see Figure 2.2) , however, is due to much 
higher attenuation of the lower energies in the tube and to characteristic radiation. 
(Dendy and Heaton, 1987; Khan, 1994) 

Figure 2.2: The X-ray spectrum at lOOkV and 200mA with 1mmAI filtration and 
5mmAI filtration. 

9 110' 

~~--~~------~~------------~~------------~,~ 
Photon energy (keV) 

The shape of the spectrum is not a smooth curve and there are local peaks due to 
characteristic radiation. Characteristic radiation is caused by some of the incoming 
electrons knocking out electrons from particular bands in the atoms of the anode. 
This causes electrons from higher bands to fill the vacancy, which results in photons 
being emitted that are equivalent to the energy difference between the two bands, in 
a similar way to the photoelectric effect (Dendy and Heaton, 1987; Khan, 1994). 
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2. LITERATURE REVIEW 

2.1.3.3 Technique 

Technique factors can and patient to 
image quality tube voltage and the tube current 

(often referred to by respectively) are the technique 
are used to modify the directly. The tube voltage is the pOl;en1Glal 

difference between the Increasing the tube voltage causes 
greater electron acceleration to photons of a higher mean ",n,cn'o'u 

produced. The tube current is the current the flow of electrons from 
cathode to the anode. increasing the current 
the cathode filament (the low leads to 
heating of the filament 
current leads to more 
The tube current, hr.,,,,p',,,,>, 

1987; 

2.1 Attenuation 

X-ray 
the beam's path. 

~"'~'.M~' photons than 

attenuation is 
material used as a filter, for 
2006). Photons passing through a 

it is attenuated by a filter !J'<M'VVU 

by removing more 

photons and the particular type 
CLv,'Lau uses a 1 mm aluminium filter (Lodox, 

probability of 
with the material. Assuming if a 1J11'J~\J'11 it will be either be absorbed 
or away, the reduction 
in the beam. Therefore, a iULlliUI."UiViJ..LO"LJl .... 

following equation (Khan, 1994): 

1= 

can 
T\n.(Y\'~r" ... energy bins which own 
pg 49). In this study, bins of width 1 

bin were simulated with 

to of photons 
attenuates exponentially by 

coeffi­
is independent 

of an 
to defined 

et aL, 2000, 
falling into a 
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2.1 

where J1 is 

for 

per 
the 

2.1.4.2 

2.1.4.3 

(HVL) is defined as 
beam by half. \\Then IAJU."HU'::;J. 

attenuates by 

1= 

UUu.VH coefficient 
thII:::kIl,ess of the material (Dendy 

is to J1 by 

2 

J1 

REVIEW 

a that will attenuate 
a monochromatic 

a specific beam en­
Khan, 1994). 

For polychromatic "r,,','j lr!..l can be measured in 
(energy per unit area), (number of photons 

The choice of (LH.l'::;v\~. must be given because it affects 
is most commonly (Khan, 1994). 

in air 

at entrance 
radiation 

(ESD) includes oaC:Ksc:att 
product (DAP) is 

is a useful quantity in 
is therefore constant at 

without backscat­
eX1Dm>ea to 

cre-
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2. LITERATURE REVIEW 

amount of 

ulHJCauC;U from the it found 

0.00876 

x 

dose in Vv.u..,;::,,-,", (R) or 
et aL, 2000; Khan, 

energy to create one Coulomb of 

2.1.4.4 

u.C'!!UC;U by ICRP is the of 
to each 
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CHAPTER 2. LITERATURE REVIEW 

Table 2.1: (1991) weighting 

Testes 0.20 
Active bone marrow 0.12 

0.12 
Colon 0.12 
Stomach 0.12 
Liver 0.05 

0.05 
0.05 

Breasts 0.05 
Bladder 0.05 

Bone Surface 0.0l 
Skin O.ol 
Remainder G.b 0.05 

aThe remainder organs are the adrenals, pan-
creas, small uterus and muscle. 

one of the remainder organs receives a radiation dose that is 
then all other organs then that organ is WeJlgn1~ed 

0.025 and the rest of the remainder organs will receive a 
of 0.025. 

2.2 Dose measurement 

2.2.1 Equipment 

is most comrnonn ,","i';';''''''H.l.i GUo 

dOSlemeters (TLDs) 

2.2. 1 

radiation enters the C;H(:UHUC;L 

Compton 
the positively 

creates a current through 
used to calculate 

ure 

chamber is 
which are 

it is a containing 
air. The ionising 

photoelectric effect 
positive plate 

rC>l'·c>n;·p electrons. This 
can measured 
as shown in Fig-
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CHAPTER 2. LITERATURE REVIEW 

Figure 2.3: A simplified diagram of an ionisation chamber. 

++++++++ 

I -
+ -

+ 
------------- A 

The measurement, however, requires that all secondary electrons are also measured 
(as discussed in Section 2.1.4). These secondary interactions must therefore occur 
within the volume of the chamber. This is achieved by using a free-air ionisation 
chamber (Hering, 1995). Only a small volume of a free-air ionisation chamber is 
exposed to radiation. The rest of the chamber must then be large enough for the 
secondary electrons to ionise the air. This total charge is then divided by the mass 
of the directly exposed air to calculate X. This makes the chamber large and difficult 
to use but is the most accurate type of chamber (Dendy and Heaton, 1987; Hering, 
1995). Alternatively, an air-wall chamber can be used. This chamber has a wall that 
has a radiographically equivalent atomic number to air (i.e. the ratio of the various 
interactions occurring remains the same) . However , the wall is much denser than air 
and, therefore, simulates a larger volume of air. The wall must be at least as thick 
as the range of the secondary electrons (Hering, 1995). The whole volume is exposed 
during an examination. Only the charge in the chamber is measured and, therefore, 
as long as the walls are thicker than the range of secondary electrons, the flux: of 
secondary radiation entering the chamber will equal that leaving the chamber; the 
measurement includes both primary and secondary radiation. 

2.2.1.2 Thermoluminescent dosimetry 

Thermoluminescent dosemeters (TLDs) are made up of crystals that are modified 
when exposed to radiation , resulting in electrons in the crystals being energised and 
moving out of the ground state band. After the TLDs have been exposed, some of the 
electrons remain trapped in an upper energy band . These TLDs can then be heated 
which results in the electrons returning to the ground state band and light being 
emitted . This light can be measured and is proportional to the amount of radiation 
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the crystal was exposed to (Dendy and Heaton, 1987; Hering, 1995). 

2.2.1.3 Phantom 

Anthropomorphic phantoms are human-like models that consist of materials that are 
radiographically equivalent to the tissues in the body. Natural human bone is of­
ten used to create the material for the phantom skeleton and artificial materials are 
used to simulate the other organs and tissues. The Rando anthropomorphic phan­
tom (Alderson Research Laboratories) used in this study has holes throughout the 
phantom, in which TLD's can be inserted (Theocharopoulos et al., 2002). 

Mathematical phantoms have also been developed that specify the coordinates and 
shape of organs and tissues in the body. These can be used along with Monte Carlo 
simulators to calculate the dose to the patient (Servomaa and Tapiovaara, 1998). 

2.2.2 Entrance dose measurement 

Entrance dose (free in air) and exposure are commonly measured using an ionisation 
chamber placed at the focus-to-skin distance (FSD) for the required examination 
(Samei et al., 2004). FSD is the distance from the X-ray focal spot to the surface of 
the patient. 

Measurement of ESD is similar except that the ionisation chamber or TLDs used are 
placed on a phantom or a patient (Compagnone et al., 2005, 2006; Papadimitriou 
et al., 2001). The phantom or patient is used to include backscatter in the mea­
surement. Papadimitriou et a1. (2001) and Gogas et a1. (2003) used TLDs at the 
centre of the beam attached to patients undergoing X-ray examinations to measure 
ESD. Papadimitriou et al. (2001) calibrated the TLDs against ionisation chambers 
"free-in-air" while Gogas et al. (2003) used an ionisation chamber above 15cm thick 
Plexiglas to simulate backscatter in the calibration. Compagnone et a1. (2005, 2006) 
used an ionisation chamber placed on the surface of a phantom and at the centre of 
the beam to measure ESD. 

2.2.3 Effective dose measurement 

Effective dose cannot be measured directly but the most direct method is to mea­
sure individual organ doses using TLDs. TLDs are inserted into an anthropomorphic 
phantom in the positions of the organs (Samei et al., 2005; Theocharopoulos et al., 
2002). Thus, the dose received by the organ will be measured by the TLDs when the 
phantom is exposed to radiation during the examination of interest. To increase mea­
surement accuracy of TLDs, Theocharopoulos et al. (2002) exposed them 50 times 
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for each examination. 

TLDs are generally calibrated against an ionisation chamber to obtain D A. The D A 

for a particular organ is calculated by averaging the measurements of D A made by 
TLDs inserted in that organ (Samei et al., 2004; Theocharopoulos et al., 2002). The 
tissue dose can then be calculated from the D A measured for that tissue (Theocharopou­
los et 301., 2002) 

(fL) (fL) D· ·=D - -t~ssne 2 A P tissne i / pair 

where (~) is the mass attenuation coefficient (see Section 2.1.3.4). Theocharopoulos 
et al. (2002) used three different mass energy absorption coefficients to distinguish 
between bone, soft tissue and muscle. 

Finally, the effective dose is calculated as the weighted average of the dose to each 
organ using the tissue weighting factors (WT) discussed in section 2.1.4.4. 

2.3 Dose Calculation 

2.3.1 Entrance dose calculation 

Many methods are used to calculate the tube output (which includes entrance dose 
(free-in-air), kerma, ESD, DAP and X) instead of making direct measurements. Most 
of these relationships are empirical or semi-empirical, meaning they are at least partly 
based on previously measured data. A common method for measuring the tube out­
put, fits a function to measured entrance dose data from a specific radiographic unit 
(Aroua et al., 200230; Harpen, 1996) and is then used to calculate other entrances 
doses. Other methods include the calculation of the energy spectrum which is then 
used to calculate the entrance dose (Boone and Seibert, 1997). Three methods are 
described below. 

2.3.1.1 Function fit 

Simple relationships have been derived between the technique factors and the tube 
output. These relationships usually include one or two constants that are found by 
fitting a function to the tube output from a particular X-ray machine (Aroua et al., 
200230; Harpen, 1996). 
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are that 

ex: mA 

ex:s 

ex: p:.:::::2-3 

is current kV is 

(1996) 

= a(kV)-BmAs 

technique factors by two constants 
to entrance dose (see 2.1.4.3) 

to entrance dose.Another example is 

mAs kV2 

= a---p 

are and one constant (a) is 
equation but these can all be included 

exposure/mAs was to a 
1m: 

+ a2kV 2 + 

a semi-empirical model for the '-'U',",UJ."" 

X-ray tube: 
n 

i=O 

<P[E] 0 
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ai are energy dependent. These are available an 
43) as four coefficients (i.e. 

n~"'''''Q,n lkeV and 150keV in increments of 1keV, and have 
ohX1oon 30kV 140 kV. A typical spectrum produced is 

energy spectrum to be calculated 
to calculate the tube output. This 

entrance dose for LSSR (Scheelke, 2005). 

to see from Equation 2.16 that 
never be higher than the 

an electron volt (e V) is U\AJU\..U 

P01;enual then the electron will 

dose calculation 

i::)e(~tlcill 2.1.4.4, effective 
the patient size and 

as entrance dose 

derived to estimate E. The most common Lllc;vllUU. 
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between entrance dose and effective dose (Hart et a1, 1994, 1996). These conversion 
coefficients were generated by Monte Carlo simulation and have also been used in 
various studies (Compagnone et al., 2005, 2006; Gogas et al., 2003). Other Monte 
Carlo programmes include MCNP, the general Monte Carlo simulation code (Schultz 
et al., 2003; Servomaa and Tapiovaara, 1998). 

2.4 Slit scanning radiography 

Slit or slot scanning radiography is a technique that uses a thin fan beam of X-rays 
moving across the patient in order to acquire an image. This technique results in 
a lower scatter than conventional radiography (Barnes et al., 1985, 1994; Potgieter 
et al., 2005; Samei et al., 2004, 2005) but has a much lower tube output efficiency 
because the beam is highly collimated, usually to less than lcm. 

The difference between slit and slot has been defined in different ways in various 
studies. Shikhaliev et al. (2005) describe slit scanning as having a detector with one 
row of pixels in the scanning direction while slot scanning has multiple rows of pixels. 
Barnes et al. (1994), however, state that the two terms are often used interchange­
ably but defines them in terms of the thickness of the collimator, where a collimator 
of thickness less than 1.5mm is called a slit and over 1.5mm is called a slot. Other 
studies such as that of Samei et al. (2005) do not distinguish between the two. In 
this study, the term slit scanning is used to describe a radiography unit with a highly 
collimated moving fan beam. 

A typical slit scanning unit is described by Samei et al. (2004, 2005). In the slit 
scanning system that they evaluate, a moving collimator with a width of 1 cm is used 
to create and direct the fan beam during the scan (as shown in Figure 2.4). This 
set-up leads to the same geometry as conventional radiography but offers much lower 
scatter because of the narrow detector and narrow fan beam. 

Linear slit scanning involves moving the X-ray tube linearly during the examination. 
This means that the beam is always perpendicular to the patient and results in no 
image magnification in the scanning direction (as shown in Figure 2.4). This set up 
results in a lower dose compared to conventional radiography. The reasons for this 
are developed in Section 5.3. 
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Figure 2.4 : Diagram showing the difference in geometry between slit scanning and 
linear slit scanning radiography units for the same entrance area. 

Slit Scanning Radiography Linear Slit Scanning Radiography 

Fixed Source 

Entrance Area ----;;.-1~-

Detector 
Plane 

Detector 
Plane 

It is important to know the length of time that each point on the entrance area is 
exposed. On a conventional X-ray machine this is the length of time that the X-ray 
beam is present during the examination. For slit scanning radiography an effective 
exposure time can be calculated taking into account the speed of the scan and the 
width of the beam at the patient skin distance. 

The effective exposure time is: 

. beam width 
exposure tIme = d (2 .18) 

scanspee 

Therefore, for linear slit scanning the beam width can be calculated from the collima­
tor width to give the following (making the simplification that the X-rays are being 
emitted from a point source) (Scheelke, 2005). 

FSD collimator width 
s = FeD scan speed 
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FeD is col-

is scan. 
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1994) 

c 

where P is pressure temperature. 

A fitted 

1.005 

1.000 

0.995 

0.990 -(I) 
tfJ 
0 
0 

0.985 
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3.1.3 Radiography Units 

3.1.3.1 The Lodox Statscan linear slit-scanning radiography unit 

Lodox Systems (Johannesburg, South Africa) have developed low dose trauma digital 
X-ray equipment (Statscan) with full-body scanning capabilities (Beningfield et al., 
2003). 

Statscan (Figure 3.2) uses a rotating anode X-ray tube (lmm of aluminium equiva­
lent inherent filtrat ion and 1mm added aluminium filtration) mounted on a C-arm. A 
collimated fan-beam of X-rays is emitted via an adjustable collimator of width O.4mm 
or 1.0mm. Fixed to the other end of the C-arm is the X-ray detector unit, comprising 
scintillator arrays optically linked to charge-coupled devices (CCDs). The fund amen­
tal pixel size of the detectors is 60l1m, with a maximum image size of 12283 x 8000 
pixels. Fourteen bits of contrast resolution can be recorded and a spatial resolution 
of between 1.04 lp/mm and 5.0 lp/mm can be selected . 

Figure 3.2: Statscan linear slit scanning X-ray machine. 
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unit Fuji 

3.2 Verification of methods 

.1 
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.1 Method 

dose (ESD) was measured 
3. and a 

the PMMA chamber on 
with Statscan. 
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Figure 3.3: The two chambers above a phantom. 

Figure 3.4: The two chamber set up for the conventional X-ray machine. 
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3.2.1.2 

measurement 
was between 4%. 

3.1: Radiation measurements on u~,"""U'.UQ machine 
CT 

kV mAs PMMA chamber CT chamber Calibration factor 

70 200 
70 320 

100 100 
100 100 

12.73 
20.37 
14.70 
14.71 

1.275 
2.039 
1.524 
1.524 

9.99 
9.99 
9.65 
9.65 
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Table ESD measurements on 
scanning direction (FSD 

k V mA Slit Focal 
width 

70 100 0.4 S 
70 100 0.4 S 
70 100 1.0 L 
100 100 0.4 S 
100 100 0.4 S 
100 100 1.0 L 

to scanning direction 

k V mA Slit Focal 
width 

70 100 0.4 
70 100 1.0 
100 100 0.4 
100 100 LO 

S 
L 
S 
L 

70 
70 
70 
70 
70 
70 

70 
70 
70 
70 

ENT: MATERIALS AND VERIFICATION 

P::VIMA 

95.61 
96.20 
246.36 
189.93 
189.93 
483.39 

Pl\{IVIA 

100.30 
251.05 
198.21 
489.90 

CT chamber 

CT 
chamber 

9.89 
9.99 
25.74 
20.51 
20.46 
52.25 

CT 

98.80 
99.83 
257.08 
197.88 
197.38 
504.19 

ESD 
difference 

3% 

4% 

to 

CT chamber DelmenalC1JLHH 

CT 
chamber 

10.31 
24.96 
21.03 
50.34 

CT 

102.93 
249.32 
202.87 
485.70 

ESD 
difference 

1% 
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3.2.2 

shown 
for both 
tance. 

unit were 
a difference 
2(06). 

ESD found using 
on Statscan H1\J.l",o,C<:;;::) 

to measure 

that PCXMC can 

AND VERIFICATION 

applied to LSSR 

only has a 
and effective dose. 

'-'UI,,-,,",UF, the patient is same 
will be the same at any 

to the O\.AO.UU.UL/S 

organs 

conventional 
Previously, the 

U.UJLIC;L.li:)l""H 0.2 x 38 cm2 

same area exposed by a 
and slit-scanning 

entrance dose; 
communication, 

project using common C;A''''Hl.ul(;~ul\.JU'' 
revealed 
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LSSR. 

Table 111 

common <:OACNHHU.Ul,lVl1Q 

Effective Dose 

Scan type Beam height Z coordinate Full field Slit 0.2 Difference Slit 0.8 Difference 

Abdomen AP 
Pelvis AP 

AP 

37.6 
28.2 
19,4 

17.0 3.34 3.46 
12.3 2,45 2.58 
83.5 0.25 0.23 

they could be 
method 

3.6 :3.39 1.5 
2.50 2.2 
0.2,1 -3.7 

0.1 6.37 1.0 

to measure adult 
calculation 

u.u,aU~Gl 4. 
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This chapter discusses entrance 
X-ray examinations on 
Entrance dose 

on a computed raCllOJrra,p 
world 
et 2004). 

: measurements 
and adult 

calculat.ions made for standard 
unit (LSSR), Statscan. 

an ionisation chamber 
PCXMG 
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4.1 Paediatric Patients 

1.1 Method 

4.1: 

1 
5 

order to '-'<.b.l'-'UJ.CWV the OTT,:>r>r'nro 

64 
109 

the scans, most cases two measurements were 
4.2 , The entrance 

meter and the cylindrical """.J"C"-'ou'J'U 

ENTS FOR 

7 
20 
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AND ADULT PAT I 

105 cm 

entrance dose to 
"'>1'111H1 of the body. 

kV u'"'u.:,.~. 
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University of Cape Town

;l'> 

Exmniuation Age kVp IlIA 55D Ficldsize Eutrance Dose (/J,Gy) Effective 0 
0 
lfl 

spot speed X Z Measurement !vleasurelllent Corrected m 
1 2 S 

[l1 
Body AP" 5 80 S IOO 140 nl-UlO 22.00 109,00 41.40 41.4:) 29.a9 

140 Body AP b 5 80 L 140 98.00 22.00 109.00 (i8.52 5lU7 51.79 
Chest, AP" 5 !OO 64 140 99.30 20.00 20,50 40.98 40.51 12.:32 
Chest 5 50 S 64 70 99,30 20.00 20.50 30.02 29.65 5.22 

5 110 S 100 140 72.40 15.50 70 101.40 101.40 100.57 16.56 m 
5 100 64 70 72.4 15.50 18.70 107.21 107.23 Z 

80 S 140 20.80 21.50 .51.12 51.44 15.95 -1 
S 70 91(00 20,80 21.50 70,0:, 22,60 :5: 

Abdomen LATa 5 S 200 70 72.110 22,00 170.40 171.00 168JJ5 27.64 
Abdomen lum LATe 5 S 200 72.'10 22 272, 272 .. 51 275.11 ·15,11 
Pelvis AP" 5 80 125 98.00 22.00 51.81 52,01 51.14 la.63 

AP1:. 5 80 64 70 98.00 22.00 52.97 527 12.97 :;u 
LATa 5 100 S l(iO 140 1:3.80 Hi.OO 140.50 140.40 1:39.01 7.:17 m 
LATe 5 gO S 70 72.40 18.80 10 89.98 89.75 90.H5 lI.a8 :5: 

5 S 200 n,50 16.50 111.20 111.20 
pm 
zZ 

5 90 S 125 70 98.50 18.50 16.50 1:30.62 0-1 
5 80 S 200 140 80040 17.50 1~ 104.20 104.20 2.45 In 

.1 

Skull LATe 5 S 70 17.50 17.00 124.91 125.15 125.8 2.97 
C Spine 5 S 140 72..10 10.:30 lO.aO 9:3.47 91.H:l 0.97 
C Spine LATe 5 70 S 125 n.40 10.30 10.:30 108.5 O.1OS9 

Spine LatU 5 lOO S 125 72.40 lO.20 45.00 222.70 22:3.80 220.96 37 
Spine LATe 100 125 70 10.20 45 205.61 2W,,7G 208.Ol 

a Entrance Dose 
I'.J'l 

Dose W 
CEntra.nce Dose 
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Examination Age kVp 

Full Body AP 1 90 160 
Full Body AP 90 160 
Chest AP supine 100 SO 
Chest AP supine 5 100 
Cha;t LA1' 1 110 125 
Chest LA1' 110 125 

80 160 
Abdomen AP 5 80 160 
Abdomen Lumhar LAT 100 250 
Abdomen Lumbar LAT 100 250 
Pelvis AP 80 160 
Pelvis AP 5 80 
Pelvis Hip LA1' 1 100 
Pelvis Hip LA1' 5 100 200 
Skull 1 90 250 
Skull AP 5 90 250 
Skull LA1' 1 SO 250 
Skull LA1' 80 250 
C LAT 160 

LAT 5 80 160 
Fuil Spine LAT 1 100 
Full Spine 5 100 160 

for 

Scan 

140 
140 

140 
140 
140 

140 
140 
140 
140 
140 
140 
140 
140 
140 
140 
140 
70 
70 
70 

REMENTS FOR PAEDIATRIC 
AND ADULT PATIENTS 

Entrance Dose Effective dose 

98.00 S1.S4 66.71 
9S.00 104.03 82.02 
99.30 47.09 14.24 
99.30 59.94 18.11 

117.13 23.78 
72.40 149.28 24.95 
98.00 66.27 23.67 

84.67 26,46 
72.40 200.Q2 44.98 
72,40 254.14 42.33 
9S.00 66,47 18.95 
98.00 84.44 23.08 
72.40 160.52 27 
72.40 204.14 25.60 
93.50 133.46 5.84 

169.S4 4.06 
80.40 122.93 5.63 
80.40 156.65 3.77 
72.40 176.00 2.98 
72.40 223.63 2.S2 
72AO 256.67 55.76 
72.40 326.21 61.33 



University of Cape Town

scans on t;tt at Hed Cross Children's :I" 
ments were G E 0 

0 
Vl 
m 
~ 

Examination Age kVp mAs Focus-to-probe FFD FSi) Fieldsizo (em) Entrance Dose Effective dose 
m » 
Vl 
C 

distance (cm) (cm) (cm) Z Mea.~urement Measurement Corrected :::0 
2 m 

~ 

Chest Lung AP 54 100,00 120,00 100,32 1:\,30 
m 

1,1.00 110.99 111.98 109.78 20.24 Z 
Chest Lung AP 5 4 100.00 120,00 97.08 20.00 20.50 145,7H 1,15.79 H~l78 24.90 :-:-l 
Ered Chest AP 6;~ 4 100,00 120.00 10332 13.30 13.00 151.19 151.76 30,32 

~ Erect Chest AP 5 66 4 100.00 120.00 100.08 18.50 20.50 175.12 17f}.52 17:1.:36 :33.64 
Erect Chest LAT n 4 100.00 120.00 101.26 11.50 12.00 203.64 201.5:3 30.L3 
Erect Chest AP 5 76 lOO.OO 12000 15.50 241.65 2:39.64 29,44 
Abdomen AP 55 20 74,00 100.00 80.32 14,70 14.00 831.67 819.29 215.90 
Erect AP G 57 25 74.00 100.00 71.08 20.80 21.50 12ll4,96 127G,62 286.40 
Pelvis AP 20 74.00 100,(]0 8(U2 15.80 lOJ)() 754.2G 742.17 154.41 
Pelvis AP 55 25 74.00 100.00 7708 22,00 16.::10 1120. 110·1.07 206,65 » 
Skull AP 6:) 20 74,00 100,00 7774 12,00 12.f)O 12[,4.04 12M.!)4 123!1,27 30.8;) Z 

Skull AP [) 66 25 74,00 100,00 74,02 13,50 1(;50 1880,98 18G9.!Ja aO.41 0 

Skull Lat 57 20 74,00 10n.OO 81.2.'5 14,50 [2.80 929.87 916.70 25.67 
Skull Lat 57 25 non 100.00 76.25 17.50 17.00 1;)2(U3 1307.3,5 22.21 
SkuH 1bvmes 1 66 20 71,00 100,00 89,77 11.00 12.00 10 ltl. 6{) 1003,25 :l3.73 
Skull Townes 5 70 2.5 7'1.00 100,00 85.47 14.20 16.00 155S,91 15aS,:37 24.49 
C spine LAT 50 12 74.00 100,00 81.25 8,00 8,00 428.02 420.82 :t69 
C LAT 52 74,00 100.{)O 76.25 10.S0 10,30 5:3:~.46 524.91 3.:36 
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Examination 

Age 
Full Body AP 
Chest 
Chest 
Abdomen 

4. 

Abdomen Lumbar LAT 
Pelvis 
Skull AP 
Skull Lat 
C Spine Lat 
Full Spine LAT 

M REMENT:M 

This Study 

Lodox 

5 
29.4-82.0 

15.9-26.5 
27.6-45.] 
13.0-23.1 
2.6-4.1 
2.4-3.8 
0.97-2.8 
34.9-61.3 

Shimadzu 

5 

286.4 

206.6 
30.4 
22.2 
3.4 

uOIllpal~IlOI[le et al. (2005) 
et al. 

Examination 

Fuji CR 
Chest AP 

AND ADULT PATIENTS 

References 

b 

5 5 

7(PA) 
1O±5 
102±22 

76±30 
15±5 
12±4 

43 

26 

Effective Dose 

24.9 
206.6 

CR the 

d 

3-7 

11 
7 
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AND ADULT PATIENTS 

Figure 4.1: Effective doses from the Statscan (minimum and maximum from the 
measurements obtained at both hospitals) and the Shimadzu units for common ra­
diographic exammations. 
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4.2 Adult patients 

1 Method 

1'(\1")u/O,r',,·(1 to E the ~'L~UVv 
was calculated 

at 
are 

naeasurenaent of 
and the 
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Figure 4.2: Using the ionisation chamber to measure the dose at the detector. 
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rbnr."'''>r1 by the 
VUvvV~V" Board (NRPB)) (Hart 

dose measurements with a PHCL.LLvV<U nne"'",.,,, 

of 

Table 

100 
Chest PA* 100 S 70 30,00 15 
Chest Lat 120 S 125 72AO 19.00 30,00 28 
Abdomen AP 100 S 200 98.00 35,00 37.50 80 
Abdomen Lat 110 L 200 35 72AO 19.00 34.00 1.1 1.9 160 
Pelvis AP 100 S 70 98.00 ::l6.50 28.20 0.19 0.25 60 
Pelvis Lat 110 S 70 20.50 27.00 0.23 0.39 26 
Skull AP 110 S 93.50 19,50 0.18 0.24 6.9 
Skull Lat 100 80AO 18.50 20.00 0,15 0,24 6,5 

90 11.50 14.00 0.13 0.22 2.1 
12.20 71.00 0,75 1.3 190 

on 
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4. M 

2007 

Procedure Name Tube Slit Focal 

140 LO L 
Abdomen AP 120 1.0 L 
Abdomen Lat. 130 1.0 L 
Pelvis AP 120 1.0 L 
Pelvis 130 1.0 L 
Skull AP 120 0.4 L 
Skull Lat 110 0.4 

110 1.0 

REMENT: MEASUREMENTS FOR PAEDIATRIC 
AND ADULT PAT I 

extra 

Tube Scan FSD Entrance dose 

3950 35.00 
125 23.00 34.50 
200 95.00 42.00 42.50 
200 35 68.00 25.00 37.00 
200 32.50 
200 70 30.00 1.3 

22.20 0.35 
22.30 0.35 
14.60 0.99 

1.5 

Table 2007 ",,,,,},",uu effective those 

Pelvis AP 
Skull AP 
Skull Lat 
Full 

60 
6.9 
6.5 

30 
10 

aUnited Nations Scientific Committee on the Effects of Atomic Radiation 
and Wall (2002) 

VUJ'''jJ'''l".llUllt et al. (2005) 
et aL 

626.9 ± 208.9 
32.6 ± 28.8 
24.9± 

E 

80 
260 
190 
200 
67 

9.5 
170 

other 
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CHAPTER 5. DOSE MEASUREMENT: AI\JALYSIS 

between the radiography units needs to be made. A comprehensive study by Pitcher 
et aL (2008) compared the Shimadzu unit with the Fuji computed radiography system 
and the Statscan unit for children with trauma at the Red Cross Children's Hospital. 
A total of 23 children with trauma were imaged, and the image quality, diagnostic 
equivalence and clinical efficiency of the Statscan unit were independently evaluated 
by consultant paediatric radiologists. Pitcher et al. (2008) concluded there was good 
diagnostic equivalence between the image quality on the Statscan unit and computed 
radiography systems, and noted that the Statscan unit was superior for imaging of 
the trachea and main bronchi. They also noted that imaging on the Statscan unit 
was on average 13% faster, and offered improved efficiency by the use of full-body 
scannmg. 

Thus, the doses from most of the standard radiographic examinations are consid­
erably lower than those from the computed radiography system at the Red Cross 
Children's Hospital and other studies worldwide. This Section therefore shows the 
potential of linear slit-scanning radiography systems to reduce dose for standard ra­
diographic examinations in children. 

5.2 Discussion of adult doses 

The previous section discussed the dose measurements obtained for paediatric pa­
tients. This section extends the discussion to the adult doses. 

As discussed earlier, any dose comparison between two radiography units requires 
an image comparison to be made. In the case of paediatric patients the image com­
parison was made by a parallel study by Pitcher et al. (2008) comparing the two 
X-ray machines used for the dose measurements. The adult doses were not com­
pared directly to those of another unit but were compared to published dose data. A 
study comparing the image quality from Statscan to that of conventional radiography 
units for adult patients was carried out at Groote Schuur Hospital (Beningfield et al., 
2003). Two radiologists used a seven-point comparative scale to compare the digital 
images from Statscan with conventional radiographs, for common diagnostic X-ray 
examinations of 26 patients. These scores ranged from -3 to 3 depending on whether 
the image quality on Statscan was inferior or superior to conventional radiography. 
the mean of the measurements was taken for each region. The best imaged region on 
Statscan was the mediastinum with a mean equivalence score of 0.346 (SD = 0.49) 
and the weakest was for the bony detail (trabeculae) with a mean equivalence score 
of -0.654 (SD = 0.81). The study concluded that Statscan showed both clinical and 
radiographic promise. A follow-up study in the USA and South Africa by BoffaI'd 
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5.3 Development of reasons for low doses 
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Q"Q,UH,U15 radiography units mm or 1 mm wide precollimator 
(Scheelke et al., 2005), nrn"r1ri 
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rentlOnal detective quantum '0UL~";;;LJ.\"y 
detector. System (or e>tt'''I"''t'nTO 
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same beam intensity at 
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transmission of 
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CHAPTER 5. DOSE MEASUREMEI\lT: ANALYSIS 

fective dose reduction of 15% for the same patient volume exposed (see Section 5.3.1). 

Table 5.1: Verification of l/r rule for LSSR. 

Procedure Name FFD (1'2) FSD (1'1) Air dose Entrance dose dJ/d2 1'2/1'1 ratio 
at detector (d2) (dJ) 

(em) (cm) (mGy) (mGy) 
Full body AP 126.5 98.00 0.089 0.12 0.74 0.77 0.96 
Chest AP 126.5 99.30 0.077 0.099 0.78 0.78 0.99 
Chest PA 126.5 99.30 0.077 0.099 0.78 0.78 0.99 
Chest Lat 126.5 72.40 0.16 0.28 0.57 0.57 1.00 
Abdomen AP 126.5 98.00 0.19 0.24 0.79 0.77 1.02 
Abdomen Lat 126.5 72.40 1.1 1.9 0.58 0.57 1.01 
Pelvis AP 126.5 98.00 0.19 0.25 0.76 0.77 0.98 
Pelvis Lat 126.5 72.40 0.23 0.39 0.59 0.57 1.03 
Skull AP 126.5 93.50 0.18 0.24 0.75 0.74 1.01 
Skull Lat 126.5 80.40 0.15 0.24 0.63 0.64 0.98 
C Spine Lat 126.5 72.40 0.13 0.22 0.59 0.57 1.03 
Full Lat 126.5 72.40 0.75 1.3 0.58 0.57 1.01 

Other factors that also contribute to a lower dose include higher kVs used compared 
to conventional examinations. There is also the possibility that more quantum mottle 
is being accepted by radiologists in the image quality studies because quantum mottle 
is difficult to identify. 

Unlike the considerable dose reductions of other examinations, chest examinations 
show doses only slightly lower than conventional examinations. Potgieter et al. (2005) 
explain this in terms of much lower scatter in the chest resulting in less of a difference 
in SDQE between LSSR and conventional radiography. Samei et al. (2005) verify this 
when comparing slot scanning and conventional radiography in regions of different 
density in the chest. They show the denser the region, the larger difference in SDQE 
between slot scanning and conventional radiography. Chest examinations also gen­
erally use a much larger FSD. This results in less of a dose saving due to the beam 
geometry of LSSR (see Section 5.3.1). Statscan also uses a higher kV than conven­
tional systems for most examinations except the chest where high kVexaminations 
are common. 

5.3.1 :Further derivation of geometrical reasons for low dose 

This section derives the geometrical reasons for low dose which have been discussed 
earlier. This dose reduction is due to there being no magnification in the scanning 
direction because the fan beam is perpendicular to the detector. This leads to greater 
intensity at the detector for the same entrance dose compared to conventional radio­
graphy. 
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CHAPTER 5. DOSE MEASUREMENT: ANALYSIS 

As shown in figure 5.1, the cross-sectional area of the beam increases in both the X 
and Y directions with increasing distance from the source for conventional radiogra­
phy, while for LSSR the beam only increases in the non-scanning direction (Y). The 
focus-to-skin distance (FSD) is the distance from the focal spot to the patient surface, 
the focus-to-film distance (FFD) is the distance from the focal spot to the detector 
plane and the table-to-film distance (TFD) is the distance from the table top to the 
detector plane. 

As shown in Figure 5.2, the beam width at the detector is related to the width of the 
beam at the entrance area by 

where h is the width at the entrance area, l2 is the width at the detector plane, FFD 
is the film-focus distance and FSD is the focus- to-skin distance. 

Therefore, for conventional radiography, the cross sectional area of the beam at the 
detector is 

where Al is the beam area at skin entrance and A2 is the beam area at the detector. 

For a linear slit scanning radiography unit, the area does not increase in the scanning 
direction, therefore: 

Considering only the geometry (i.e. in a vacuum), the dose-area product (DAP) 
remains constant at any distance from the detector. Thus, because the DAP remains 
constant but the area increases, the dose in air (D A2) at the detector is related to the 
entrance dose in air (D AI) by 

PSD)2 
DA2 = DAI(PPD 

for conventional radiography and 

for LSSR because of the relationship between D A, DAP and cross sectional beam 
area. 
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CHAPTER 5. DOSE MEASUREMENT: ANALYSIS 

Figure 5.1: The X-ray beam geometry and exposed volume in conventional radiogra­
phy and LSSR for the same exposed entrance area. 

Conventional Radiography 

Entrance Area _--,~=-+_ 

Detector 
Plane 

Linear Slit Scanning Radiography 

Detecto( 
Plane 

Figure 5.2: The difference in X-ray beam geometry between conventional full field ra­
diography (where ~he beam width increases with distance) and LSSR in the scanning 
direction. 
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LSSR dose prediction: method 

The previous chapters outlined and discussed dose measurements and calculations. 
Entrance dose (free-in-air) was measured directly using an ionisation chamber and 
E was generated using a Monte Carlo simulator. Measuring dose is time consuming 
and it is useful to have a model that can estimate these doses for each examina­
tion. As discussed earlier, the commercially available Monte Carlo simulators are 
designed to calculate E for conventional full field radiography units but can be ap­
plied to LSSR for conventional examinations. The disadvantage of a Monte Carlo 
simulator is that the calculation is slow. The current Monte Carlo simulators have 
also not been designed with LSSR in mind and therefore cannot make calculations 
for examinations where the technique factors are changed during the scan such as 
in the case of automatic technique factor control (ATFC). This chapter describes a 
method to model entrance dose and effective dose for LSSR, including for examina­
tions such as ATFC where the technique factors vary during a particular examination. 

6.1 Entrance dose modelling 

Entrance dose (free-in-air) is simpler to model than effective dose. This is because 
entrance dose is a measurement of the tube output and does not depend on any of 
the patient characteristics. 
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CHAPTER 6. LSSR DOSE PREDICTION: METHOD 

Therefore, new patient dimensions can be calculated b&<;ed on the mass and height 
of the patient. 

Equations 6.7-6.14 allow E for a particular examination on one patient to be used 
to calculate the E for the same examination on a different patient. This means that 
E only needs to be calculated for a standard sized patient and can then be used to 
calculate effective dose for other patient sizes. E for the standard patient is dependent 
on the characteristics of the examination, including the type of examination and the 
beam energy spectrum. 

6.2.1.4 Slice dependant organ absorption coefficients 

The next step is to build a model that can be used to generate effective doses (E) for 
a standard sized patient (mass 71 kg and height 174 em) when the various technique 
factors and examination type are input. This means that the equivalent dose (Hr) 
to many of the organs needs to be determined; these are the organs included in the 
definition of E by the ICRP (1991). 

The Monte Carlo simulator PCXMC can be used to generate the average energy ab­
sorbed in each of the organs from photons in each energy intervaL This was used to 
generate a database of organ absorption coefficients (Bor'gan(E, P)) to be used in any 
calculations of effective dose. The organ absorption coefficients used in this model 
were generated by dividing the surface area of a standard patient into 1 cm thick slices 
and exposing each of these slices individually to a range of photon energies. Fbr each 
iteration, energy absorption coefficients were generated for all the organs in the body 
and stored as a database. The organ absorption coefficients from a particular organ 
and a particular exposed slice represent how much energy on average is absorbed by 
that organ from a photon of each energy (1 keY to 150 keY in bins of 1 keY). This is 
illustrated by an example in Figure 6.1, which shows how much energy on average is 
absorbed by the lungs from a photon as a function of the photon energy and the scan 
slice. The coefficients are over a localised area because very little radiation will be 
absorbed by the lungs if another region of the body other than the chest is exposed. 
Clearly, the highest photon absorption would take place in organs directly under the 
exposed area. 
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Figure 6.1: The energy absorption coefficients for the lung as a fun ction of photon 
energy and position. 
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6.1: PCXMC organ masses patient. 

Heart 300 
Breasts 302 
Liver 1810 
Stomach 150 

174 
284 

Pancreas 89.5 
Small Intestine 1040 
Gall bladder 62.9 

intestine 209 
intestine 158 

bladder 45.1 
Uterus 65.4 
Adrenals 15.5 

19.8 
39.7 

Thyroid 19.6 
Brain 1350 
Testes 37.1 
Ovaries 8.27 
Skin 2860 
Bone Marrow 1120 
Skeleton 9516 
Remainder (muscle and 49304 
Total 71100 
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Figure 6.2: A demonstration of the beam slice approach to modelling LSSR, where 
one of the slices is highlighted. 

For each slice, the technique factors including tube voltage (kV), tube current (rnA), 
scan speed, collimator width and focus-to-skin distance (FSD) are input to the modeL 
These technique factors can be constant throughout the scan, or for ATFC, an array 
of data is provided which specifies how these technique factors change as the scan 
progresses. 

The energy spectrum of the beam coming from the tube is generated from the tech­
nique factors using the method described in Section 2.3.1.3 and discussed earlier in 
this chapter. This is then attenuated through the defined filter (Section 6.1) to obtain 
the energy spectrum at the patient surface (i.e. the flux of photons of each energy at 
the patient surface). 

The entrance dose is calculated using methods discussed in Section 6.1. Therefore, 
for each slice a calculated entrance dose value is generated using the input technique 
factors for that part of the body. As discussed in Section 6.1, two methods have been 
incorporated into the model for testing purposes but Method 1 is used to calculate 
entrance dose 
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For each slice, the spectrum is multiplied with the standard sized patient energy 
absorption coefficients of each organ (Section 6.2.1.4) and summed to give the total 
amount of energy absorbed by each organ. This is divided by the mass of each organ 
(see Table 6.1) to give the dose to each organ. The organ doses are then multiplied 
by the organ weighting factors and added together to give the effective dose (E) for 
that slice for a standard patient (Section 6.2.1.4). 

The next step is to calculate the effective dose for the patient size of interest. Two 
patient parameters are input, the height and the mass. These parameters are used 
along with standard patient dimensions to calculate the thickness and the scan area 
for the patient of interest for each 1cm slice (as discussed in Section 6.2.1.3). These 
val ues are used to calculate the energy imparted (E) for a standard sized patient as 
well as the patient size of interest for the particular slice being calculated (Section 
6.2.1.2). For the standard sized patient and the patient of interest particular percent­
age energy curves TJ(c) are generated. As discussed in Section 6.2.1.2, the polynomials 
specified by Boone (1992) to calculate these curves are only for certain thicknesses; 
weighted averages are taken of the two nearest curves to get the correct absorption 
curve for any thickness. Figure 6.3 shows the TJ(c) curves for a particular slice of a 
standard sized patient and a smaller patient. The two curves given by Boone (1992) 
are also shown for the two nearest thicknesses from which the TJ(c) curve for the 
smaller patient is calculated. 

Figure 6.3: Energy absorption curve TJ(c) for a particular slice; the curve for the 
patient of interest is a weighted average of the Boone curves shown in the diagram. 

100,.---,,"'''-..-----~------.__-----__, 

90 

80 

60 

50 

-....... --------- - _ _ _ if.l~ __ ____:: 
Pattenlof 

Boone curve 

.0.'--0 -------:':50,-----------:'=00,----------:-:'50 
Photon energy (keV) 

85 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 6. LSSR DOSE PREDICTION: METHOD 

Multiplying these curves by the energy spectrum and the scan area gives the total 
amount of energy per photon energy transferred to a slice of a particular thickness 
and width of the patient. Where the volume under the curve or the integral gives the 
total energy imparted (E) for that slice. Figure 6.4 shows the total energy absorbed 
in one particular slice per photon interval and the total energy entering the slice 
per photon interval. The difference between these curves is the energy that passes 
through the patient and reaches the detector. 

Figure 6.4: The energy absorbed per photon bin in an example slice and the energy 
entering the slice per photon bin. 
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Note that the standard patient thickness throughout the body is taken into account. 
The ratio of E for the patient of interest and the standard sized patient is then used 
to calculate E for the patient of interest from E for the standard sized patient (See 
Section 6.2.1.5). E from all the slices are then added together to give the total E for 
the examination. 

A flow diagram of the programme is shown in Figure 6.5. The output of this model 
can be tested against existing programmes and measured data; this is discussed in 
the following chapter. 
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Figure 6.5: A flow diagram of the programme design for dose prediction. 
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Figure 7.1: Comparison between measured data. and results of tvlethod 1. 
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Figure 7.2: Comparison between measured data and results of Method 2 . 
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Figure 7.3: Comparison between measured data and results of rvlethod 3 . 
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Figure 7.4: Effective dose per increment generated by PCXNIC and the new model 
for the AP projection of a standard sized patient. 
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Figure 7.0: Effective dose per increment generated by PCXMC and the new model 
for the lateral projection of a standard sized patient. 
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Figure 7.6: Effective dose per increment generated by PCX]'vIC and the new model 
for the AP projection of a patient of mass 7kg and height 75 cm. 
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for the AP projection for a patient of mass 130kg and height 200 cm. 
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One of the key reasons for developing this model as discussed in the previous chap­
ter is to increase the speed of the calculation when applied to LSSR. Dividing the 
examination up into slices and calculating each slice independently is a method of 
simulating LSSR and allows doses to be calculated" for examinations where the tech­
nique factors vary through the examination. The difference in computational speed is 
shown during this comparison where effective dose slices for the whole body took over 
6 hours to complete using PCXMC whereas the new model took under 10 seconds. 
This difference maybe partly attributed to PCXMC being a Monte Carlo simulator 
whereas the new model is partly based on data generated from previous Monte Carlo 
simulations and does not require any additional Monte Carlo simulations during the 
calculation. The difference in speed is also partly due to PCXMC not being designed 
for LSSR, which meant that a separate Monte Carlo simulation had to be performed 
for each slice and parameters input each time. 

These comparisons verify the ability of this model to accurately calculate the effective 
dose for each region of the body but only considers one beam energy. Therefore, the 
response of this model to different beam energies must also be verified. 

7.3 Effective dose as a function of beam energy 

The previous section compared the model developed in this study to PCXMC in terms 
of patient size, organ sensitivity and scan position. As discussed earlier, Figures 7.4 
to 7.7, show a comparison between PCXMC in terms of patient size, where different 
graphs simulated different patient sizes, organ sensitivity where similar peaks were 
generated for both models indicating sensitive organs; these results were related ac­
curately to the position of the slice. 

This section compares the results generated by this model for various beam energies 
by varying the tube voltage from 60 kV to 140 kV which is the range in which most 
examinations are performed on Statscan. Results for various regions of the body were 
generated and compared to results generated using PCXMC. The parameters used 
were a tube current of 100 mA, a speed of 140 mm/s, a slit width of 0.4 mm and 
an SSD of 95 cm. Figure 7.8 shows the results generated for the chest region and 
the abdomen/pelvis region. This comparison showed a similar trend for PCXMC 
and the new model. It is also clear from these simulations that increasing tube volt­
age for these examinations causes an increase in E, as expected for most examinations. 
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Figure 7.8: EffectIve dose calculated using PCX}"'lC and the new model for different 
regions of the body, as a function of tube voltage for medium sized patients. 
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(See Table 4.7). The reasons for the differences are those discussed in Section 7.2 
as well as that the PCXMC values were calculated using the full field instead of the 
iterative approach as discussed in Section 3.2.2 . 

The beam energy and the dose are visualised in Figures 7.9, 7.10, 7.11 and 7.12. 
Figure 7.9 shows the energy spectrum that is generated for these technique factors 
and describes the total number of photons (in each energy bin of width 1 keY) moving 
through a cross sectional area of 1 mm2 at the given FSD. Figures 7.10 and 7.11 give 
two views of a graph visualising the equivalent dose (HT) to each organ per slice. HT, 
as discussed in Section 2.1.4.4, is the average dose to each organ. This is calculated 
by dividing the energy absorbed in this organ during the examination by the mass of 
the organ (see Section 6.2.1.4) . What these graphs describe is the energy imparted 
for each 1cm wide beam slice divided by the total mass of the organ. These organs are 
used in the calculation of effecti ve dose I CRP (1991) . A graph like this can be useful 
for determining which organs make the biggest contribution to effective dose in a 
particular examination. For example, a lead sheet could be placed in the groin region 
to remove the large testicular dose near the end of the scan. Figure 7.12 shows the 
effective dose per slice and is useful for visualising which part of the scan contributes 
the most to the total effective dose. The area under this graph represents the effective 
dose. Note the correlation between the high testicular dose near the end of the scan 
in Figure 7.10 and the high effective dose in Figure 7.12. 

Figure 7.9: The energy spectrum for a tube voltage of 100kV, a tube current of 
200mA, a slit width of O.4mm, a scan speed of 70mm/s and an FSD of 98cm. 

11110
4 

�8r-=--------,--------,,----------, 

16 

" 

°O~--L----~~~------~,OO~------~,~ 
Photon energy (keV) 

100 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 7. LSSR DOSE PREDICTION: MODEL VERIFICATION AND 
RESULTS 

Figure 7.10: View 1 of the dose to each organ per slice simulated for a tube voltage 
of 100kV, a tube current of 200mA, a slit width of O.4mm, a scan speed of 70mm/s 
and an FSD of 98cm. 
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Figure 7.11: View 2 of the dose to each organ per slice simulated for a tube voltage 
of lOOkV, a tube current of 200mA, a slit width of O.4mm, a scan speed of 70mm/s 
and an FSD of 98cm. 
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Figure 7.12: The effective dose for each slice of the examination for a tube voltage of 
100kV, a tube current of 200mA, a slit width of O.4mm, a. scan speed of 70mm/s and 
an FSD of 98cm. 
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Figure 7.13: The energy spectrum of the beam for each slice of the examination for 
a tube current of 200mA, a slit width of O.4mm, a scan speed of 70mm/s, an FSD of 
98cm and a tube voltage ranging from 120kV to 48kV. 
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Figure 7.14: The entrance dose (free-in-air) and the dose-area product through the 
examination for a tube current of 200mA , a slit \vidth of O.4mm, a scan speed of 
70mm/s, an FSD of 98cm and a tube voltage ranging from 120kV to 48kV. 
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Figure 7.15: The dose to each organ per slice simulated for a tube current of 200mA, 
a slit width of O.4mm, a scan speed of 70mm/s, an FSD of 98cm and a tube voltage 
ranging from 120k V to 48k V. 
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Figure 7.16: The effective dose for each step of the ATFC examination for a tube 
current of 200mA, a slit width of 0.4mm, a scan speed of 70mm/s, an FSD of 98cm 
and a tube voltage ranging from 120kV to 48kV. 
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7.5 Advantages of the model and comparison with a 
similar model 

A model has been developed by Theocharopoulos et al. (2006) to calculate effective 
dose for CT examinations. This model dramatically simplifies the calculation of E 
for CT but has certain disadvantages that are explored here. Some elements of the 
model described earlier in this chapter are similar to those of the Theocharopoulos 
et al. (2006) model so some interesting comparisons can be made. 

Both models calculate E for a specific examination on a standard sized patient and 
from this E, calculate E to patients of various sizes. This is done by generating the 
ratio of the energy imparted in water phantoms of the equivalent thickness to that of 
the standard patient and the patient size of interest which are then used to adjust E. 
In the Theocharopoulos et al. (2006) model, E for the standard patient was measured 
directly for various regions of the body and various patient tube voltages, and then 
adjusted according to the patient size. The model developed in this study calculates 
the effective dose for the standard patient according to the input technique factors 
and organ absorption coefficients. The advantage of this method is that effective 
doses can be calculated for any tube voltage, not just those previously measured. 
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7.6 Summary and discussion 

The framework of a model to estimate dose for LSSR is discussed in Chapter 6. Chap­
ter 7 compared results generated by the new model to existing models and measured 
results. These comparisons showed the model to be accurate but there is still scope 
to further optimise the model. Additional estimates of the model were discussed in­
cluding equivalent dose for each organ and effective dose as a function of position. 

The model has been tested for the full range of tube voltages, tube currents and scan 
speeds and so can be used to model typical examinations on LSSR as well as any 
change in technique factors. \Nhat still needs to be ascertained, however, is whether 
the 1 cm wide slices are small enough to model sharp changes in technique factors 
that can be used with the ATFC examination, which is currently an available option 
for the full-spine examination. There might also be a lag time in the radiography 
unit between changing the technique factors and changing the beam energy, that 
might need to be included in the model if the ATFC examination is to be estimated. 
Direct measurements would answer these queries. However, there are difficulties 
associated with directly measuring effective dose for a continuously changing beam 
used in ATFC. Thermoluminescent dosimeters (TLDs) in a phantom cannot be used 
because the TLD dose to each organ is averaged to get the organ dose whereas with 
varying technique factors, TLDs would have to be placed at every point inside each 
organ in order to get an accurate dose to the organ. A measurement of the tube 
output such as entrance dose (free-in-air) at each point or dose-area product would 
provide a comparison with the tube output and would be a first step to validating 
the model's use with i\TFC. 
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Dose measurements have been presented for a linear slit scanning radiography (LSSR) 
unit. Entrance dose measurements for standard AP and lateral examinations were 
made and used with the commercially available Monte Carlo simulator PCXMC 
to calculate effective dose (E). The procedures used to make these measurements 
and calculations were verified using comparisons with other measurement techniques. 
These results showed that for most examinations, LSSR offered a considerably lower 
dose than conventional radiography. The reasons for this lower dose include scatter 
reduction and the beam geometry of LSSR. 

A model has been developed for more effective prediction of entrance and effective 
dose in LSSR, using a moving slice approach. This approach offered much greater 
computational speed than Monte Carlo simulations because any data required from 
Monte Carlo simulators were generated in advance and stored in a database. This 
model also offers better functionality and accuracy with LSSR as the model has been 
specifically designed with LSSR in mind. The results generated include the equivalent 
dose to each organ and effective dose, as the scan progresses, as well as the effective 
dose for the entire examination. The model has also been designed to be used with 
the automatic technique factor correction (ATFC) scan, available for the full-spine 
examination, where the technique factors change during the examination. The new 
model was verified by making comparisons between its results and measured results 
as well as comparisons with existing models. However, further verification is required 
before it is used with the ATFC examination. This would provide a challenging future 
project due to the difficulties associated with directly measuring effective dose for a 
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'""" 
'""" 1.0 

Exarnination 
Paediatric 
Skull 
Chf>st (Lung) 
Ac10men 
Pf~lvis 

Femur 
Knee 
Tibia 
Ankle 
Foot 
Full Body 

SrnaH 
Skull 
()hest (Lung) 
Adomen 
Pelvis 
Felnur 
Knee 
Tibia 
Ankle 
Foot 
Full Body 

MediulTI 
Skull 
Ch<esl. (Lung) 
Ad.olllen 
Pelvis 
F{'lHllr 

Knee 
Tihia 
Ankle 
Foot 
Full Body 

Large 
Skull 
Chest (Lung) 
Adotnen 
PAlvis 
F'elllur 
Knee 
Tibia 
Ankle 
Fool 
Full rh-){lY 

Extra La.rge 
Skull 
Chest (Lung) 
Adomcn 
Pelvis 
Felnur 
Knee 
Tibia 
Ankle 
Foot 
Full Body 

Table A.l: Entrance dose measurements recorded in 2006 for all patient sizes. 

Teclll-1TZ1-)-1-C- Fact,or:'; 

Tube voltage 
(kV) 

90 
GO 
80 
80 
70 
60 
50 
50 
50 
80 

100 
SO 
DO 
gO 
SO 
70 
60 
on 
60 
100 

110 
100 
100 
100 
DO 
80 
70 
70 
GO 
110 

110 
120 
110 
110 
100 
90 
80 
80 
70 

120 

120 
140 
120 
120 
110 
.1.00 
90 
90 
80 
145 

Tube cur rent 
(mA) 

125 
G·1 
80 
64 
'IU(l 
80 
80 
80 
80 
160 

IGO 
64 
lGO 
IGO 
100 
100 
lOU 
tOO 
100 
125 

160 
W 

200 
200 
160 
100 
100 
100 
100 
]00 

WO 
100 
200 
~OO 

200 
200 
200 
200 
200 
100 

200 
160 
200 
200 
IGU 
20D 
200 
200 
20() 
2(l() 

Speed 
(%) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
JOO 

50 
50 
50 
50 
50 
50 
50 
50 
50 
100 

GO 
GO 
GO 
50 
GO 
GO 
SO 
GO 
GO 

11)0 

GO 
50 
50 
50 
50 
50 
50 
50 
50 
100 

i;() 

50 
50 
[)O 

50 
50 
25 
25 
GO 

IOU 

G-ap Size 
(n1ul) 

0.4 
0.'1 
0.4 
0.4 
0.·1 
OJI 
0.·1 
ilA 
0,,[ 

0.4 

0.4 
U.-± 
0.4 
0.4 
0.4 
0.4 
0"\ 
0.4 
O.,! 
0.·1 

(j.4 

0..1 
0.4 
0.4 
0.1 
0.4 
0.4 
0.4 
0.4 
0.4 

OA 
0.4 
0.4 

1 
0.'1 
0.'1 
OA 
0.,1 
0.4 
0.'1 

DA 
0.4 

J 
1 

0.·\ 
0.4 
0.·\ 
0.4 

Focal Point 

small 
small 
small 
slllall 
sHlall 
srnall 
"ma.ll 
8Jlla.ll 
!'1ma.II 
large 

small 
small 
small 
small 
sm;:dl 
small 
small 
small 
sma.ll 
la.rge 

:3mall 
small 
sma.ll 
small 
:3mall 
small 
sman 
:,lmall 
small 
lal'gl~ 

small 
smalt 
la.rg~ 

la.rgc 

smaH 
81"11<111 

sma.ll 
large 

sma.H 
sma.ll 
la.rge 
Inrge 
Ial'gi'-! 

small 
small 
Iar~'" 

Measurements 
ground to dose meter 

(m) 
1.05 
1.05 
1.05 
1.05 
1.05 
loOf) 

LOS 
1.05 
LOS 
1.05 

1.05 
1.05 
1.05 
1.05 
1.0!) 
1.05 
1.0J 
1.(1) 

1.05 
.1.05 

1.0.5 
.1.05 
.1..05 
.1..05 
.LO.5 
1.05 
1.05 
1.05 
1,(}5 
1.05 

1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1,05 

1.05 
1,05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 

FSD 
(m) 

0.087 
0.987 
0.987 
0.987 
0.9t57 
0.987 
0.987 
0.%7 
0.987 
0.n87 

0.987 
0.;)87 
0.;)87 
0.9S7 
0.987 
0.987 
0.987 
D.9S7 
O.9S7 
O.PS7 

0.987 
0.887 
0.g87 
CLfi87 
0.9S7 
0.987 
0.987 
O.Dt{7 
O.fJts'i 
0.987 

0.987 
O.rJS7 
0.9S7 
0.987 
0.987 
0.987 
(I.9S? 
0.987 
0.987 
0.987 

0.987 
0.9S7 
\),D87 
O.9S7 
0.987 
D.9S7 
O.~)87 

0.987 
0.987 
0.987 

Entrance dosage 
(uGy) 

124 
~u 

70 
5:3 
6:J 
:18 
25 
25 
25 
68 

IS9 
fl2 

169 
158 
81 
G4 
.JoG 
47 
·]7 
79 

~21 

97 
250 
235 
IGO 
12!-J 
lOt 
101 
74 

118 

270 
161 
'29~~ 

G9fl 
2'12 
199 
160 
J6l 
J26 
136 

319 
340 
809 
811 
562 
595 
413 
413 
107 
229 

C(HTcctrd m<>aSUl'ements 

SST) 
(Ill) 

1.021 
1.0"2 
1..052 
1.{YJ2 

.110 
1:.12 

.1:)1. 

. t6G 

.16G 
,052 

1.03:3 
1.033 
1.03:3 
1.03:3 
1.061 
1.108 
1.138 
1.16:3 
1.163 
1.0:1:3 

LO{)7 
1.00'1 
LOll,1 
I.UO,I 
1.052 
I.U8B 
1.J.29 
1.14(3 
1.146 
1.004 

0.978 
0.978 
0.978 
(I.97R 
1..025 
1.078 
1.105 
I.H1 
1. 1 .. 11 
0.9'18 

O.})53 
0.954 
0,954 
0,954 
0.999 
1.061 
1.1()2 
1.141 
1.141 
0,~)54 

Entrance Dose 
(mGy) 
D.Jl9 
0.028 
()'065 
0.049 
0.057 
0.03:3 
0.021 
0.021 
0.021 
O.0(i4 

0.180 
0.050 
0.161 
0.151 
O.07G 
0.057 
O.(l40 
0.040 
0.0:39 
0.076 

0.217 
0.09:1 
0.245 
0.231 
(J.151 
0.118 
0.089 
(1.087 
0.064 
O.ll~ 

0.279 
0.lG3 
0.2D7 
0.703 
0.230 
0.184 
0.144 
(J.1.l0 
0.110 
0.140 

O.:l:l1 
O.:l5:! 
0.839 
O.S4J 
O.5(':-l 
O.5GO 
0.374 
0.361 
0.145 
0.241 
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Corporation 
426 West Duarte Road (626) 357-7921 

USA INC. Monrovia, CA 91016 FAX (626) 357-8863 
Certified we Q.001.2000 

E-mail: servlce@radcaLcom www.Radcal.com 

Advisory Note 

Date: 2007 
Volume Exposme of Radcal ion chambers. 

Radcal ion chambers have been for radiation exposures that and 
UHHV.UU.'Y exposure the entire volume of the ion chamber. The are the 
Radcal-CT ion chambers which were specifically designed for partial volume exposures. 
Pattial volume exposure of other Radcal chambers will result in errors from 
vatiations in and energy response over the chamber's C;JCIJU',CU 

In recent yeat·s, radiation devices have become common and the need to 
measure their radiation output has become important. Radcal ion chambers can be used 
for this pUlpose without any increased uncertainties provided the conditions are 
met: 

1. Measurements are made in an integrate mode (dose) and the integration must 
equal or exceed the time that the beam exposes the chamber. Rate mode measurement is 
not suitable. 

2. The scanning beam length must exceed the chamber's width. The beanl must be uniform 
over the length of the beam that exposes the chamber. 

3. The scanned area must exeeed the active volume of the chamber. 

4. The x-ray technique (kY, mA, sweep-speed, distance and collimation) must remain 
constant during the interval that the beam sweeps over the active volume of the ion 
chamber. 

5. During the exposure, the exposure rate (mGy/s) measured at the surfaee of the ion 
chamber must not exceed the chanlber's published specification. 

For further information contact Radcal technical support at: (626) 357-7921. 

PNI025 - Parlial Exposure of Racad Jon Chambers.doc pg. 1 of! 
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B.2 PTW Ionisation chamber communication 

Dear Mr. 

Christian 

Dear Mr 

One of 
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document. The 
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slot scanner. 
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one moment or 
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1: 

Pt"o(~ed ure N axne Tube Slit Focal Tuh(~ SSD 

72.40 101 
f.l4 70 108 

135 .IAO 51 
AbdoUleHt AP 0.4 ~~ 7n 70 

LUl'nht;tf 100 0.1 '2\)0 j,JO '72AO 169 
Lumbar Lat 90 0.4 " 200 70 12A(1 275 

0.4 S 120 140 98.00 51 
0.4 ti4 70 98.00 53 

Ino HiO 140 139 
I,AT 72.40 91 

200 0:3.50 110 
0.4 S 130 
0.4 103 

80 0.1 S 125 70 126 
70 0.4 140 92 
70 0.4 125 72.40 109 
lOO (H 125 70 72.40 221 
100 0.4 S 125 if) 208 

0.4 70 243 
110 L 72..10 1910 
100 (1.4 S 200 70 (18. no 246 

0.4 70 394 
110 0.4 ~ 711 93,[10 245 

OA s 70 24.2 
90 70 72.40 225 

spinp 1.1) L 200 72.4fJ 1:n2 

130 1.0 L :3,'; 
1.0 L 70 

10 oR.OO 

entrance 

Etltrance dOJ!iil:? 
(fl:'e(~-i:n-ak) 

fHi 
41 
28 

101 104 
109 111 
51 51 
S5 66 
170 174 
277 283 
51 51 
52 53 

1:16 139 
89 90 

107 109 
134 137 
99 100 

12:1 125 
8:1 84 

104 105 
212 217 
212 217 

251 257 
2029 201:H 
251 257 
·106 ,US 
251 258 
245 2(10 
222 226 

1470 1505 

1500 
378 

365 375 
1080 1108 
1763 1810 

51 
102 
118 
68 
87 
185 
332 
68 
70 

148 
106 
129 
HH 
133 
166 
1.29 
1(;1 
2;11 
2;1l 

273 
2038 
273 
408 
252 
267 
266 

1255 

2511 
848 
1286 
34(1 
367 

1085 
1436 

Percentage difference betwoen 
actuul rtleasurernent and estinlntion 

-, -6 
3 

9 
2 a5 
-5 25 

9 
21 

-1. ;3;l 
-2 n 
-2 fj 

-2 
-2 0 IT 

23 
-2 29 
0 32 

-10 -8 
48 

-4 ," 

(; 

f) 

4 
6 3 
5 ;1 
4 

-.1 
12 

12 2 
11 14 -3 

13 3 
12 -1 
5 -1 

9 12 10 
14 17 
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C.2 Effective dose comparative data 

Table C.2: 
model 

Iteration 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

each 

AP Projection 

PCXMC effective Model effective 
dose dose 

9.70E-05 1.06E-04 
4.47E-04 4.39E-04 
7.28E-04 7.13E-04 
9.51E-04 9.48E-04 
1.lOE-03 1.14E-03 
1. 24E-03 1.25E-03 
1.31E-03 1.33E-03 
l.33E-03 1.36E-03 
1.27&03 1.30E-03 
1.16E-03 l.17E-03 
1.00E-03 9.85E-04 
6.00E-04 6.13E-04 
6.50E-04 6.27E-04 
7.31E-04 6.60E-04 
7.87&04 7.59E-04 
9.68E-04 8.87F~04 

1.10E-03 1.12E-03 

IT"""LV,.","!"",,,,, for PCXMC 

Lateral Projection 

PCXMC effective Model effective 
dose (mSv) dose (mSv) 

1.15E-04 1.25E-04 
5.48E-04 5.44E-04 
9.13Fr04 9.19E-04 
1.22E-03 1.23E-03 
1.46E-03 1. 49E-03 
1.60E-03 L64E-03 
1.69E-03 1. 73E-03 
1. 76E-03 1. 77E-03 
1. 67E-03 1.70E-03 
1.49E-03 1.54E-03 
1.31E-03 1.29E-03 
1.09E-03 1.07E-03 
7.15E-04 6.85E-04 
7.38E-04 7.26E-04 
8.45E-04 7.96E-04 
9.33E-04 9.26E-04 
1.07E-03 1.06E-OS 
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PCXMC effective PCXMC effective 

19 1.82E-03 l,92E-03 1.66E-03 1.62Fr03 
20 3A8E-03 3.55E-03 2.92E-03 2.78E-03 
21 1.12E-02 1.1OF~02 5.70E-03 544E-03 
22 1.45E-02 1.47E-02 6.90E-03 6.57E-03 
23 1.62E-02 1. 61E-02 749E-03 7.07E-03 
24 Ll4E-02 1.12E-02 5.80E-03 5.60E-03 
25 3.89E-03 3.82£.03 9.12£.04 8.73E-04 
26 3.28£.03 3.10E-03 7.87£.04 7.99E-04 
27 2.99E-03 2.90E-03 9.05£.04 9.05E-04 
28 3.21E-03 3.05E-03 1.07E-03 1.04E-03 
29 3,18E-03 2.92£.03 1.03E-03 1.02E-03 
30 3.36E-03 3.25E-03 1.21E-03 L17E-03 
31 3.59E-03 3.58E-03 l.35E-03 1.25E-03 
32 4.09E·03 4. 11E-03 1.38E~03 1.28E-03 
33 4.62E·03 4.65E-03 1. 56E-03 1. 46E-03 
34 5.78E-03 5.75E-03 1.67E-03 1. 58E-03 
35 7.68E-03 7.53E·03 1.98E-03 1.87F~03 

36 843E-03 8.I5E-03 L89E-03 2.03E-03 
37 9.52E-03 9.22E-03 2.27E-03 2.16E-03 
38 1.01E-02 9.95E-03 2.38E-03 2.29E-03 
39 1.02E-02 1.04E-02 2.82F~03 2,83F~03 

40 1.24E-02 1.26E-02 3.97E-03 4. 11E-03 
41 1.13E-02 1.19E-02 4.80E-03 4.90E-03 
42 1.24E-02 1. 26E-02 5.14E-03 5.27E-03 
43 1. 24E-02 1.27E-02 5.26E-03 5.31E-03 
44 1.15E-02 1.18E-02 5.00E-03 5.06E-03 
45 9.82E-03 9.99E-03 4.32E-03 4.26E-03 
46 7.38E-03 7.56E-03 3.19E-03 3.21E-03 
47 6A2E-03 6.52E-03 2.52E-03 2.49E-03 
48 645E-03 648E-03 2.54E-03 248E-03 
49 6. 74E-03 6.82E-03 2.59E-03 2.54E-03 
50 6. 54E-03 6.59E-03 248E-03 2.49E-03 
51 6.24E-03 6. 16E-03 2.16E-03 2.19E-03 
52 7.62E-03 7. 76E-03 2.24E-03 2.26E-03 
53 8.36E-03 8. 58E-03 2.22E-03 2.27E-03 
54 9A7E-03 9.69E-03 2.20E-03 2.26F~03 

55 9.94E-03 1.04Fr02 2.1,1E-03 2.25E-03 
56 1.13E-02 1.13E-02 2.11E-03 2.20B-03 
57 1.24E-02 1.29E-02 2.09E--03 2.15E-03 
58 1.09E-02 1. 14E-02 2.04E-03 2. 12E-03 
59 L05E-02 1.09E-02 2.02E-03 2.07E-03 
60 1.l2E-02 1.17E-02 1.93E-03 2.01E-03 
61 1.09E-02 1.12E-02 1.90E-03 1.96E-03 
62 1.06F~02 1.08F.r02 1.81E-03 1.89E-03 
63 9.91E-03 1.02Fr02 1. 79E-03 1.84E-03 
64 9.34E-03 9. 34E-03 1. 76E-03 1. 76E-03 
65 8. 64E-03 8. 71 E-03 1. 73E·03 1. 72E-03 
66 7.94E-03 7.89B-03 1.68E-03 
67 7.20£.03 7. 19E-03 1.64E-03 
68 8.58E-03 8.56E-03 1.83E-03 
69 7.26E-03 7. 32F.r03 1.67E-03 
70 8. 24E-03 1.36E-02 1.81E-03 

1.84E-03 
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PCXMC effective 
dose (mSv) 

73 7.42E-03 7.48E-03 1.81E-03 2.0lE-03 
74 7.54E-03 7.54E-03 1.83E-03 2.07E-03 
75 7.53E-03 7.56E-03 1.87E-03 1.98E-03 
76 7.54E-03 7.928-03 1.98E-03 1.99E-03 
77 7.90E-03 8.20E-03 2.20E-03 2.09E-03 
78 9.04E-03 1.04E-02 2.64E-03 2.528-03 
79 1.148-02 1.358-02 2.93E-03 2.648-03 
80 1.348-02 1,42E-02 2.5lE-03 2.68E-03 
81 l.05E-02 1.14Fr02 2.12Fr03 2.19E-03 
82 7.72E-03 7.95E-03 1. 72E-03 1. 73E-03 
83 7.49E-03 7,428-03 1.54E-03 l.55E-03 
84 8.67E-OS 8.97E-OS L54E-03 1.46E-03 
85 8. 77E-OS 8.8lE-03 1. 43E-03 1.32E-OS 
86 8.668-0S 8.658-03 1.53FrOS l.STE-03 
87 8.578-03 8.538-03 1.42E-03 1. 34E-03 
88 8.40E-03 8.068-03 1.4SE-OS 1. 27E-03 
89 S.14E-03 7.8GE-03 1.S9E-03 1.14E-03 
90 6.36E-03 6.11E-OS l.31E-03 l.05E-03 
91 5.37E-03 5.038-03 1.14E-03 9.84E-04 
92 5.1SE-03 5.19E-03 1.00E-03 9.61E-04 
93 5.51E-03 5,43E-03 l.OOFr03 1.02E-03 
94 6.6lE-03 6.59E-03 1.09E-03 9.96E-04 
95 1. 74E-02 1.73E-02 l.l5E-03 1.1OE-03 
96 3.09E-02 3.17E-02 l.45E-03 L47E-03 
97 3.47E-02 3.55E-02 l.53E-03 1.55E-03 
98 2.64E-02 2.74E-02 1.25E-03 l.3lE-03 
99 9.2SE-03 9.93E-03 8.03E-04 7.92E-04 

100 3.068-03 2.94E-03 5,46E-04 4.47E-04 
101 2.50E-03 2.338-03 5.77E-04 4.16E-04 
102 2.1OE-03 1.92E-OS 4.96E-04 3.51E-04 
103 1.79E-03 1.66E-03 4. 77E-04 2.93E-04 
104 l.51E-03 l.32E-03 4.32E-04 2.70E-04 
105 1.39Fr03 1.20E-03 3.57E-04 2.S2E-04 
106 1.17E-03 9.32E-04 3.S4E-04 2.35E-04 
107 1.03E-03 8.0lE-04 3. llE-04 1.98E-04 
108 8,49E-04 6.SSE-04 2.85E-04 1.61E-04 
109 7.31E-04 S.588-04 2.59E-04 LS4E-04 
110 7.01E-04 S.25E-04 2.36E-O·i L3SE-04 
111 6.48E-04 4.32&04 2.14E-04 1.48E-04 
112 S.82E-04 3.99E-04 2.19E-04 1.39E-04 
113 S.52E-04 3.40E-04 2.12E-04 l.l9E-04 
114 S.16E-04 3.16E-04 2.1SE-04 1.17E-04 
115 4.81E-04 3.088-04 1.9SE-04 1.l6E-04 
116 4.45E-04 2.78E-04 1.78E-04 1.07E-04 
117 4.20Fr04 2.69E-04 L72E-04 9.45E-05 
118 4.13&04 2.27E-04 L67E-04 8.73E-05 
119 3.85E-04 2.26E-04 1.64E-04 9. 14.E-OS 
120 3.6l'E-04 2.16E-04 1.61E-04 S.46E-05 
121 3.50Fr04 2.04E-04 1.61E-04 8.38E-OS 
122 3.39E-04 2.04E-04 1.62E-04 8.81E-05 
123 3.35Fr04 L80E-04 1.60E-04 9.37E-05 
124 3.42Fr04 1.8SE-04 l.S5E-04 8.82E-OS 

3. 29E-04 1.83Fr04 1.51E-04 8.69E-05 
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127 3.08E-04 1. 69E-04 1.43E-04 7.76E-05 
128 2.94E-04 1.62E-04 1.41E-04 7.S3E-05 
129 2.97E-04 1.58E-04 1.3SE-04 7.29E-05 
130 2.9lE-04 1.52E-04 1.36E-04 
131 2.83E-04 1.47E-04 1.32E-04 7. 14E-05 
132 2.79E-04 1.45E-04 1.30E-04 7.09E-05 
133 2.70E-04 1.42E-04 1.27E-04 7.02E-05 
134 2.65Fr04 1.41E-04 1.25E-04 6.98E-05 
135 2.55E-04 1.40E-04 1.22E-04 6.85Fr05 
136 2.53E-04 1.38E-04 1.21Fr04 6.75E-05 
131 2A5E-04 1.35E-04 1.18E-04 6.69E-05 
138 2.41E-04 1.34E-04 U5E-04 6.56E-05 
139 2.28E-04 1.31E-04 U3E-04 6.43E-05 
140 2.22E-04 1.29E-04 1.11E-04 6.39E-05 
141 2. 16E-04 1. 24E-04 1.lOE-04 6.30E-05 
142 2.09E-04 1.22E-04 1.06E-04 6.20E-05 
143 2.04E-04 1.20E-04 1.04E-04 6. 12E-05 
144 1.96E-04 1.18E-04 1.02E-04 5.99E-05 
145 1.90E-04 1.00E-04 5.85E-05 
146 1.85E-04 1.13E-04 9.70E-05 5.79E-05 
147 1.82E-04 1. 11E-04 9.50E-05 5.77E-05 
148 1.75E-04 1.08E-04 9.20E-05 5.61E-05 
149 1.69E-04 1.05E-04 8.90E-05 5.49E-05 
150 1.65E-04 1.03E-04 8.80E-05 5.42E-05 
151 1.60E-04 1.00E-04 8.60E-05 5.37E-05 
152 1. 53E-04 9.73Fr05 8.40Fr05 5.26E-05 
153 1.48E-04 9.5lE-05 8.00E-05 5. 16E-05 
154 1.43E-04 9.25E-05 7.80E-05 5.07E-05 
155 1.38E-04 9.0SE-05 7.60E-05 4. 97E-05 
156 1.34E-04 8.83E-05 7.40E-05 4. 88E-05 
157 1.30E-04 8.53E-05 7.20E-05 4. 75E-05 
158 1. 24E-04 8.33E-05 6.90E-05 
159 1.19E-04 6.70E-05 4.54E-05 
160 1.14E-04 7.82E-05 6.50E-05 4.43F~05 

161 1.10E-04 7.62E-05 6.20E-05 4.32E-05 
162 1.04E-04 7.34E-05 6.00E-OS 4.24FrOS 
163 9.90E-OS 7.04E-05 5.80E-05 4.06E-05 
164 9.S0E-05 6.84E-05 5.60E-05 3.96E-05 
165 9.10E-05 6.50E-05 5.40E-05 3.85E-05 
166 8.60F~OS 6.28E-05 5.20E-OS 3.77E-05 
167 8.20E-05 6.mE-05 5.00E-05 3.61E-05 
168 7.70E-05 5.79E-05 4.70E-05 3.49E-05 
169 7.30E-05 5.56E-05 4.50B-05 3.42E-05 
170 6.80E-05 5.28E-05 4.30E-05 3.31E-05 
171 6.40E-05 5.05E-05 4.1OE-05 3.18E-05 
172 5.90E-05 4.75E-05 3.80E-05 3.06E-05 
173 5.50E-05 4.48E-05 3.50E-05 2.84E-05 
174 4.69E-05 3.50E-05 3.05E-05 



Univ
ers

ity
 of

 C
ap

e T
ow

n
Co explanation 

0.1 Fi 

therefore, programme 
up the dose 

other are called by 

aln.txt 

dat 
file vVLJ<~ULJLLO III (1997) 

130 



Univ
ers

ity
 of

 C
ap

e T
ow

n

model to co-

layer beam 
terms of \;cAIf.'V"CU 

increment 

calculates entrance (free-in-air) method 1 Section 6. 

vGUvUJC<"''''CO the entrance dose using 2 (see 6.1). 

sized at the current 
the rran,,:,ro 

m 6.1). 

000 RRR3. mat 

ploLout.m 
This the 

131 



Univ
ers

ity
 of

 C
ap

e T
ow

n
0.2 Running the programnle 

a user 
current, scan 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure D.l : The position of each increment and positions of common landmarks 
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