
Sudan Academy of Sciences

Development of a Mathematical Model for 
Estimation of Entrance Surface Dose in

Mammography

By

Yassir Mohammed Tahir Abdelgani



Sudan Academy of Sciences

Atomic Energy Council

Development of a Mathematical Model for 

Estimation of Entrance Surface Dose in

Mammography

Yassir Mohammed Tahir Abdelgani

B.Sc. Laboratory Physics, Sudan University of Science and Technology,
2005

A thesis

Submitted in partial fulfilment 
of the requirements for the Degree of

Master in Medical Physics

Supervisor: Dr .Khalid Ibrahim Hussein

May 2013



Development of a Mathematical Model for 

Estimation of Entrance Surface Dose in

Mammography

By

Yassir Mohammed Tahir Abdelgani

Examination Committee

Name Title Signature

Prof. Farouk Idris Habbani External Examiner

Dr. Khalid Ibrahim Hussein Supervisor
<r\.

Mr. Ammar Mohammed Elamin Academic Affairs 
Representative

Date of Exam: 21/06/2013



Acknowledgements

I'd like to thank the following people who have contributed toward the success of this project.

Without their help and support this thesis would not have been possible.

• My supervisor, Dr Khalid Ibrahim Hussein for his guidance and insight and for 

encouraging me to take my own initiative in this project.

• I would like to thank National Cancer Institute (NCI), especially the Medical Physics 

and Instruments Department.

• I would like to thank Radiation and Isotope Center, Khartoum (RICK), especially the 

Diagnostic Radiology and Medical Physics Departments, for providing the equipment 

needed for this research.

• Last, but not least, I thank my family: my parents, for giving me life in the first place, 

for educating me with aspects from both the arts and sciences; for their unconditional 

support and encouragement to pursue my interests, even when the interests went 

beyond the boundaries of language and geography.

• Lastly, I thank my friends for giving me support and beautiful smiles and motivation 

to succeed.

i



Abstract

Computer simulation is a convenient and frequently used tool in the study of x-ray 

mammography, for the design of novel detector systems, the evaluation of dose deposition, x- 

ray technique optimization, and other applications.

An important component in the simulation process is the accurate computer-generation of x- 

ray spectra. A computer model for the generation of x-ray spectra in the mammographic 

energy range from 18 keV to 40 keV has been developed by Boone et a l[28]. Due to the lack 

of QC and dose measurement tools, in addition to the unavailability of medical physicists, a 

mathematical tool was developed for estimation of patient exposure and entrance dose. The 

proposed model requires no assumptions concerning the physics of x-ray production in an x- 

ray tube, but rather makes use of x-ray spectra recently measured experimentally by John M 

Boone [28] (Department of Radiology, University of California).

Using experimental dose measurements for specific tube voltage and tube current the 

generated x-ray spectra were calibrated. The spectrum calibration factors show a tube voltage 

dependency.

From the calibrated x-ray spectrum, the exposure and entrance dose were estimated for 

different kVp and mA.

Results show good agreement between the measured and the estimated values for tube 

voltage between 18 to 45 kVp with a good correlation of nearly equal 1 and equal slope. The 

maximum estimated difference between the measured and the simulated dose is 

approximately equal to 0.07%.
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Chapter One

Introduction

1.1 Subject of the Thesis

Breast cancer is reported as one of the first causes of women mortality [1l  Breast cancer is 

among the major causes of death in women worldwide [2].

Cancer is initially a cell that keeps on growing and dividing. This mutated cell keeps on 

producing more abnormal cells in large numbers, which in turn reproduce. Together these 

cells form a growth called a tumour. Breast cancer starts in the breast tissue and there are 

several types, although some forms of breast cancer are very rare [3].

Age: breast cancer is very rare before the age of 20 and rare below 30 years. The incidence of 

breast cancer doubles every 10 years until the menopause, when the rate of increase slows 

and in some countries plateaus |4l

Breast cancer is the highest prevalent cancer among females in east Africa region (34.5%). 

An epidemiological study in the Sudan showed that breast cancer is the most prevalent 

malignancy in females. However it has been reported that it is rarely seen in women below 30 

years of age.

One in ten of all new cancers diagnosed worldwide is a cancer of the female breast in both 

developing and developed countries. It is also the principal cause of death from cancer among 

women globally Early detection is the best defensive mechanism against the disease, as 

life expectancy drops sharply after the cancer becomes metastatic. The earlier the cancer is 

detected and treated the better the survival rate.

Mammography is a specific type of imaging that uses a low-dose x-ray system to examine 

breasts. A mammography exam, called a mammogram, is used to aid in the early detection 

and diagnosis of breast diseases in women [6l

A mammogram is an x-ray exam of the breast. It is used to detect and evaluate breast changes 

[1\  Mammography screening cannot detect all cancers [81. The special type of x-ray machine 

used for mammograms produces lower energy x-rays. These x-rays do not go through tissue 

as easily as those used for routine chest x-rays or x-rays of the arms or legs, and this 

improves the contrast of the image [7].

The main positive effects are prevented deaths, prevented cases of metastatic disease and 

increased possibility of breast conserving surgery [9l
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Entrance surface dose is the absorbed dose to the entrance skin of the patient at the central 

point of the irradiated area. The values of entrance surface dose can be measured for routine 

radiographic examinations such as breast radiograph, mammography using a dosimetr\ 

system. There are different type of dosimetry system used for measuring the entrance such as 

ionization chamber, TLD, and Geiger miler tube.

To measure radiation dose a dosimeter is used, which gives a reading in Gray. When the dose 

to the media is needed however, these readings are not sufficient. The skin entrance dose 

must be converted to the dose to the media by multiplying by factor /  in accordance with

the following equation:

Dair^ f X ( ( n ) ............................ (1.1)

where: X  is exposure (mR), /  is a conversion factor that accounts for the medium to air 

density attenuation coefficient ratio in accordance with the following equation:
f Men

f  = 0.876 l P / m<-d/ \ 
P en

{ p

( 1.2)

/ air

Ionization chambers are used in radiotherapy and in diagnostic radiology for the 

determination of radiation dose. The dose determination in reference irradiation conditions is

also called beam calibration [ 10]

Ionization chamber is used in absolute dosimetry in diagnostic radiology measurement 

quantities (air kerma, exposure), reference radiation quality (20 kV ... 70kV). reference point 

(in chamber centre) *11

Ion chambers are ideally suited to high exposure rate situations, and are really the only 

suitable instruments when the energy spectrum of the radiation field is composed of low- 

energy photons, or is composed of an unknown or complex series of photon energies ' l~\

1.2 Background to investigation

MATLAB is the premier software package for technical compulation, data analysis, and 

visualization in education and industry. MATLAB allows you to focus on your course work 

and applications rather than on programming details. It enab es yoi to solve many numerical 

problems in a fraction of the time it would take you to write a program in a lower level

language
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MATLAB in this research was used to write a program to generate the x-rays and calculate 

the entrance dose of the patient.

Radiation dose can also be estimated for the x-ray spectrum. Several studies have been done 

to measure and estimate the x-ray energy spectrum. But those studies have not been done to 

measure the entrance dose in mammography.

1.3 Plan of development

This thesis further investigates the feasibility of generation of x-ray spectrum. Dosimetry 

studies as well as breast entrance dose studies were performed.

1.4 Problem of the study

The use of ionizing radiation, however, carries the risk of radiation-induced 

carcinogenesis; thus assessment of the breast dose is important.
t  A

The lack of QC and dose measurement tools, in addition to the unavailability of 

medical physicists is affecting the performance of diagnostic equipment and may lead 

to unnecessary patient dose.

1.5 Objectives

1.5.1 General objective

The objective of this thesis was to develop a mathematical tool for the estimation of the 

patient dose in mammography system in Sudan.

1.5.2 Specific objectives

1. To use Boone model and computer model for Khalid (2008) to develop a 

mathematical tool to generate the x-ray spectrum for the mammography system.

2. To calibrate the x-ray spectrum for different x-ray tubes.

3. To compute the patient entrance dose from the generated x-ray spectrum.

4. To evaluate the mathematical model using a measured dose data collected from a 

mammography system.
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Chapter Two 

Theoretical Background

2.1 The Breasts

2.1.1 Location and Description

The breasts are specialized accessory glands of the skin that secrete milk (f igure 2-1). fhex 

are present in both sexes. In males and immature females, they are similar in structure. The 

nipples are small and surrounded by a colored area of skin called the areola. The breast tissue 

consists of a system of ducts embedded in connective tissue that does not extend bexond the 

margin of the areola " 4|.

The breast is composed of:

• milk glands (lobules) that produce milk

• ducts that transport milk from the milk glands (lobules) to the nipple

• nipple

• areola (pink or brown pigmented region surrounding the nipple)

• connective (fibrous) tissue that surrounds the lobules and ducts

. F a t"51.

• * ***■■*■■■■£:■ *.* *% - M am m ary
4 V *  ^ Gland

Nipple

Figure 2.1: Breast normal anatomy cross-section view
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2.1.2 Aetiology and risk factors of breast cancer

Age: breast cancer is very rare before the age of 20 and rare below 30 years. The incidence of 

breast cancer doubles every 10 years until the menopause, when the rate of increase slows 

and in some countries plateaus.

Age at menarche and menopause: early menarche and late menopause increase the risk. 

Ovarian ablation before 35 years reduces the risk of breast cancer by 60%; menopause after 

the age of 55 years doubles the risk.

- Age at first pregnancy: nulliparity and late age at first pregnancy increase the risk. A 

woman whose first pregnancy is at 30 years has doubled the risk of breast cancer compared 

with first pregnancy at 20 years.

- Family history: genetic predisposition accounts for around 10% of breast cancers.

- Exogenous oestrogens: use of oral contraceptives for 4 years before first pregnancy 

increases the risk of pre-menopausal breast cancer. The use of unopposed oestrogens in 

hormone replacement therapy for 10-15 years is associated with an increase in breast cancer. 

Combined preparations also increase the risk, but the magnitude of effect is uncertain.

- Diet: associations have been shown with high dietary fat intake, obesity, and alcohol

consumption.

- Benign breast disease: previous breast s 

associated with a four-fold increase in risk.

atypical is

Radiation at an early age e.g. treatment of Hodgkin’s.
^  A ^  ^ ^  ^  a  '

Mammographic screening is associated with a decrease in breast cancer deaths but the effects 

of screening younger women are uncertain.

Male breast cancer is rare (0.7% of all male cancers) with a peak incidence 

10 years later than women. It may occur in association with 

Klinefelter’s syndrome [16l

2.1.3 Breast Examination

The breast is one of the common sites of cancer in women. It is also the site of different types 

of benign tumours and may be subject to acute inflammation and abscess formation. For 

these reasons, clinical personnel must be familiar with the development, structure, and lymph 

drainage of this organ.

A carcinoma within the breast substance can cause retraction of the nipple by pulling on the 

lactiferous ducts. The patient is then asked to lie down so that the breasts can be palpated

5



against the underlying thoracic wall. Finally, the patient is asked to sit up again and uusc noth

amis above her head. With this maneuver, a carcinoma tethered to the skin, the suspetisoix

ligaments, or the lactiferous ducts produces dimpling of the skin or retraction of the nipple 
117]

2.2 Mammography

Mammography is a specific type of imaging that uses a low-dose x-ray system to examine 

breasts. A mammography exam, called a mammogram, is used to aid in the early detection 

and diagnosis of breast diseases in women ,6*.

Mammography is a radiographic examination of the breast (Fig 2.2). This technique is 

extensively used for screening the breasts for benign and malignant tumours and cysts. 

Extremely low doses o f x-rays are used so that the dangers are minimal and the examination 

can be repeated often. Its success is based on the fact that a lesion measuring only a lew 

millimeters in diameter can be detected long before it is felt by clinical examination 11

Skin

Dense fibrous  

septa

G landular tissue 

supported by 

connective tissue

Nipple

Figure 2.2: Mediolateral mammogram showing the glandular tissue supported by the

connective tissue septa |171.

X-rays were first used to examine the breasts more than 90 years ago. But modern 

mammography has only existed since the late 1960s, when the firs: x-ray machines used just
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for breast imaging became available. Since then, the technology has advanced a lot. and
| | O  |

today’s mammogram is very different even from those of the mid-1980s 1

The special type of x-ray machine used for mammograms produces lower energy x-rays.

These x-rays do not go through tissue as easily as those used for routine chest x-rays or x-

rays of the arms or legs, and this improves the contrast of the image. Mammograms today

expose the breast to much lower doses of radiation compared with devices used in the past 
[18]

2.2.1 Types of mammograms

There are two types of mammography according to the goals of the exam:

1- A Screening mammogram is an x-ray examination of the breast in a woman who has 

no symptoms. The goal of a screening mammogram is to find cancer when it is too 

small to be felt by a woman or her doctor. Finding small breast cancers early with a 

screening mammogram greatly improves a woman’s chance for successful treatment. A 

screening mammogram usually takes 2 x-ray pictures (views) of each breast. Some 

patients, such as those with large breasts, may need to have more pictures to see as 

much breast tissue as possible.

2- Diagnostic mammogram is an x-ray examination of the breast in a woman who either 

has a breast problem (for instance, a breast lump or nipple discharge) or has had a 

change show up on her screening mammogram. During a diagnostic mammogram, 

more pictures are taken to carefully study the area of concern. In most cases, special 

pictures are enlarged to make a small area of suspicious breast tissue bigger and easier 

to evaluate. Many other types of x-ray pictures can be done, depending on the type of 

problem and where it is in the breast. For example, a diagnostic mammogram may 

offer a closer look and show that an area that looked abnormal is actual lv normal. 

When this happens, the woman goes back to routine yearly screening |IX|.

Diagnostic mammography takes longer than screening mammography because more x- 

rays are needed to obtain views of the breast from several angles. The technician may 

magnify a suspicious area to produce a detailed picture that can help the doctor make ar. 

accurate diagnosis ,19).

A diagnostic mammogram could also show that an are i of ahru rmal (issue probably is 

not cancer, but the radiologist may not be ready to say that the area is normal based on

7



these pictures alone. When this happens it is common to ask the woman to return to be 

rechecked, usually in 4 to 6 months.

Finally, the results of the diagnostic work-up may suggest that a biopsy is needed to tell 

whether the abnormal area is cancer. If your doctor recommends a biopsy, it does not 

mean that you have cancer. About 80% of all breast changes that are biopsied are found 

to be benign (not cancer). If a biopsy is needed, you should discuss the different types 

of biopsy with your doctor to decide which type is best for you [18].

2.2.1.2 How is mammogram done?

During the mammogram, the breast is compressed or squeezed between 2 plates attached to 

the mammogram machine -  a plastic plate (on top) and an x-ray plate (on the bottom). The 

breast is compressed to keep it from moving, and to make the layer of breast tissue thinner. 

These steps reduce the x-ray exposure, reduce blurring, and make the picture sharper.

Although the compression can feel uncomfortable and even painful for some women, it only 

lasts a few seconds and is needed to get a good picture.

Talk to the technologist if you have pain. She can reposition you to make the pressure as 

comfortable as possible. The entire procedure for a mammogram takes about 20 minutes.

Figure 2.3: the x-ray device and compression plates used for mammograms 118].

Mammograms produce a black and white x-ray picture of the breast tissue. Depending on the 

type of machine, the picture is either on a large sheet of film or is an electronic image that can 

be seen on a computer screen. These two ways of doing a mammogram are much the same, 

the differences are in the way the picture is recorded, looked at by the doctor, and stored ll8l
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The mammography can be classified according to techniques

1- Screen-film units are the machines that produce the mammogram picture on x-ray 

film. Conventional film systems use intensifying screens to capture x-rays and reduce 

radiation dose. X-rays that pass through the tissue are collected by phosphor screens. 

These screens are often constructed of rare earth phosphors such as gadolinium 

oxysulfide ( Gd20 2S  ) that output light upon absorption of x-rays. When an x-ray is

absorbed, the resultant light scintillation creates a number of light photons that spread 

and illuminate the film in a distribution cloud. Film in close proximity to the screen 

captures the light photons, and the image is obtained by exposing the film. An 

important parameter to understand is the thickness of the intensifying screen. Thicker 

screens capture more x-rays and are therefore more dose efficient and higher speed. 

However, thicker screens also create lighter scatter and blurring of the image. 

Therefore, it is impossible to offer a screen-film system simultaneously offering the 

highest possible resolution and lowest possible radiation dose. This trade-off between 

radiation dose and image quality must be optimized for the specific clinical 

application. While a screen-film system offers several advantages, there are 

significant disadvantages and limitations of this system. Film does not have a linear 

sensitivity to photon flux, and there is a narrow range over which it can detect small 

differences in contrast. In particular, tissue areas of high and low density are often 

sub-optimally imaged. Frequently, the entire image is poorly exposed because of 

film’s stringent requirements for proper exposure, resulting in repeated imaging. 

Another major problem is film granularity, affecting detective quantum efficiency at 

high optical densities and visibility of micro calcifications. Film also requires

processing time and storage space time

exam, and the resulting x-ray films require a large amount of storage space in patient

health records. Film also must be physically transported to the physician for viewing
[20]
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Figure 2.4: Screen-film systems used in mammography most often employ a single phosphor

screen with a single emulsion film, and are "front-loaded" (x-rays pass through 

the film to the screen). Light spread varies with the depth of x-ray absorption, as 

depicted in the lower diagram. Most x-rays interact in the layers of the screen 

closest to the film, thereby preserving spatial resolution [21].

2- Full-field digital mammography is defined as the radiographic examination of the 

breast utilizing dedicated electronic detectors to record the image (rather than screen- 

film) and having the capability for image display on computer monitors |221. 

Mammography units capture the picture in a digital format that can be looked at on a 

computer screen. For the most part, regular screen-film mammograms are as accurate 

as digital mammograms. But digital mammograms have been shown to have some 

unique advantages. Some studies have found that women who have questionable areas 

on their mammogram have to return less often for extra imaging tests because with 

digital mammograms, the original pictures can be magnified and looked at in many 

different ways on the computer screen. Several studies have also found that digital 

mammograms were more accurate in finding cancers in women younger than 50 and 

in women with dense breast tissue. It is important to remember that standard film 

mammograms also work well for these groups of women, and that women should still 

get their regular mammogram if digital mammography is not available [i81.
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2.2.2 Comparison of Conventional and Mammography Screen-Fil

Detectors

Figure 2-5, compares characteristic and MTF curves for direct exposure film, mammographic 

screen-film, and conventional screen-film. Direct exposure films have higher spatial 

resolution, but require 50 to 100 times more exposure than mammographic screen-film and 

have lower film contrast. Mammographic screen-film has higher resolution and higher film 

contrast than conventional radiographic screen-film; but also has less exposure latitude, 

which can be a problem when imaging thick, dense breasts.

The selection of a screen-film combination involves such measures as resolution and 

radiographic speed, as well as factors such as screen longevity, cassette design, film base 

color, film contrast characteristics, radiologist preference, and cost. In today's market, there is 

no single best choice; hence, most screen-film receptors, when used as recommended with 

particular attention to film processing, provide excellent image quality for mammography 

imaging [21].
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Figure 2.5: A: Comparison of characteristic curves (H and D curves) of direct exposure,

slow to medium speed, and fast mammography screen-films. B: Sample MTF 

curves indicate the superior transfer characteristics of a mammography detector 

compared to a conventional film screen detector, and demonstrate an inverse 

relationship between screen-film speed and spatial resolution [2l\

2.2.3 Processing

Acceptable film processing requires:

— Automatic processor with digital readout of developer temperature.

— Appropriate replenishment system for mammography, matched to the film volume 

processed at the facility.

— Use of processing chemicals matched to the film that is used.

— Correct processing time, temperature and replenishment setting.

— Proper water quality and temperature control.

12



— If a darkroom is used, it must be free of light leaks and internal light sources that could 

fog the film. The level of ionizing radiation in the darkroom must also be within 

acceptable tolerances.

— Darkroom, cassettes and screens must be free from dust that could cause artefacts in the 

mammograms.

— Proper ventilation of processing area.

— Appropriate storage of films and chemicals.

— Management of film and chemical inventory to ensure that fresh materials are used for 

imaging [23l

2.2.4 Advantage of digital mammography vs. Screen film unit

Digital technology offers the potential for several advances in mammography detectors. 

Because:

Images are captured as a digital signal, electronic transfer and storage of images is 

possible, eliminating physical storage and distribution required by film.

- Digital systems offer a large dynamic range of operation, improving visualization of 

all areas of the breast and increasing exposure latitude.

- Also, the digital format allows greyscale adjustment to optimize contrast for every 

imaging task.

- Softcopy reading, computer-aided diagnosis and three-dimensional imaging offer 

additional and potentially important opportunities for improvement in mammographic 

systems |20l

2.2.5 Disadvantages of digital mammography

- Include image display and system cost.

- Soft copy (video) displayed currently lack the luminance and spatial resolution to 

display an entire mammogram at full fidelity.

- Films produced by laser cameras are used for interpretation. The extremely high cost 

of full-field digital mammography systems (currently about five times more expensive 

than a comparable screen-film system) hinders their widespread implementation [2I].

13



The modern mammography machine uses low radiation doses to produce breast x-rays that 

are high in image quality (usually about 0.1 to 0.2 rads per picture; a rad is a measure of 

radiation dose). Older mammography units delivered higher doses, and led to concerns about 

radiation risks. These older machines are no longer used [i8].

Mammography uses low kVp with either a molybdenum (Mo), Rhodium (Rh) or 'Tungsten 

(W) target in the x-ray tube coupled with specialized beam filtration. Figure 2-6 shows the 

design of a mammography machine 121].

Compression
puddle

Breast

Figure 2.6: Mammography Machine, (a) a picture of a real mammography machine.  [ 24 ]

(b) Same machine [ 21 ]
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2.3 Mammography Units

2.3.1 X-ray tube

The small x-ray attenuation differences between normal and cancerous tissues in the breast 

require the use of x-ray equipment specifically designed to optimize breast cancer detection. 

The mammographic x-ray tube is typically configured with dual filaments in a focusing cup 

that produces 0.3 and 0.1 mm nominal focal spot sizes. A small focal spot minimizes 

geometric blurring and maintains spatial resolution necessary for micro calcification 

detection. The space charge effect causes a nonlinear relationship between the filament 

current and the tube current. Feedback circuits adjust the filament current as a function of kV 

to deliver the desired tube current, which is 100 mA (±25 mA) for the large (0.3 mm) focal 

spot and 25 mA (±10 mA) for the small (0.1 mm) focal spot.

Mammographic x-ray tubes use a rotating anode design. Molybdenum is the most common

anode material, although rhodium and tungsten targets are also used. Characteristic x-ray
✓

production is the major reason for choosing molybdenum and rhodium. For molybdenum, 

characteristic radiation occurs at 17.5 and 19.6 keV, and for rhodium, 20.2 and 22.7 keV.

The process of bremsstrahlung and characteristic radiation production for a molybdenum 

target is depicted in Fig 2-7 [21].

2.3.1.1 Bremsstrahlung radiation

Bremsstrahlung radiation is produced when electrons hitting the target anode interact with the

coulomb field of the nucleus of the target atoms and are thus decelerated, as shown in figure
• • • 22.7. Bremsstrahlung radiation is proportional to Z , the atomic number of the target, thus high 

Z targets are preferred [31].

2.3.1.2 Characteristic x-rays

Characteristic x-rays are produced when electrons incident on the target interact with 

the electrons of the target atoms, as opposed to the nucleus when bremsstrahlung is produced. 

Figure 2.7 shows such an interaction caused by the incoming electron from the left. When an 

electron is struck out of its orbit, an electron from a more outer shell will fill that shell
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Figure 2.7: The output of a mammography x-ray system is composed of bremsstrahlung and

characteristic radiation. The characteristic radiation energies of molybdenum 

(17.5 and 19.6 keV) are nearly optimal for detection of low-contrast lesions in 

breasts of 3- to 6cm thickness [21].

A source to image distance (SID) of 65 cm requires the effective anode angle to be at least 

20 degrees to avoid field cut-off for the 24 X 30 cm field area. X-ray tube anode angles vary 

from about 16 to 0 degrees to -9 degrees.

Positioning the cathode over the chest wall of the patient and the anode over the nipple of the 

breast (Fig 2.8) achieves better uniformity of the transmitted x-rays through the breast.
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Figure 2.8: Orientation of the cathode-anode axis is along the chest wall to nipple direction.

The heel effect, a result of anode self-filtration, describes a significant falloff of 

intensity toward the anode side of the x-ray beam. For this reason, the chest wall 

side of the breast (the thicker part of the breast) is positioned over the cathode to 

help equalize x-ray transmission [21l

Recently, further to Mo-Mo target-filter combination in X-ray tubes of mammograms, other 

new array of target-filter such as Mo- Rh, Rh-Rh W-Rh, Mo-Al and Rh-Al have also been 

used. Thilander et al. and Jennings et al. reported that the average glandular dose to the breast 

tissue can be reduced about 50% if a W-Rh combination is used instead of Mo-Mo. Also, the 

Monte Carlo result of Dance et al. shows that the W-Rh and Rh-Al combinations are more 

useful as alternatives to the standard Mo-Mo for digital mammography |2S|.

The tube port and added tube filters also play a role in shaping the mammography spectrum. 

Inherent tube filtration must be extremely low to allow transmission of all x-ray energies, 

which is accomplished with O.lmm-thick beryllium (Be, Z = 4) as the tube port.

Added tube filters of the same element as the target reduce the low- and high energy x-rays in 

the x-ray spectrum and allow transmission of the characteristic x-ray energies. Common 

filters used in mammography include a 0.03-mm-thick molybdenum filter with a 

molybdenum target (Mo/Mo), and a 0.025-mm-thick rhodium filter with a rhodium target 

(Rh/Rh).

Figure 2.9 shows the x-ray spectra, before and after filtration by 0.0.30 mm of Mo, from a 

molybdenum target tube operated at 26 and 30 kVp f2l].



5 10 15 20  25 30
Energy. k *V

Energy, keV

Figure 2.9: (b) Unfiltered spectra from a molybdenum target are shown for 26- and 30-kVp

tube voltages. These spectra contain a relatively large fraction of low- and high- 

energy photons, (c) The filtered spectra from a molybdenum target at 26 and 30 

kVp after transmission through a 30urn Mo filter. The filter eliminates a

majority of the low- and high-energy x-rays [2I).

An x-ray tube voltage 5 to 10 kV above the Kedge (e.g., 25 to 30 kVp) enhances the 

production of characteristic radiation relative to bremsstrahlung. Characteristic radiation

comprises approximately 19% to 29% of the filtered output spec trum when operated1 . • * '  ̂at

and 30 kVp, respectively, for Mo targets and Mo filters (see. for exanpie. fig 2.9 (c! above)
[21]
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2.3.2 X-ray spectru

.2.1 Boone Computerized model

This is a technique in which measured spectra are parameterized using polynomial 

interpolation of spectral data is presented [2S|. The polynomial interpolation is not to the 

photon fluence versus spectral energy, as discussed previously by others I28|.The technique 

does not require or utilize any physical assumptions concerning x-ray production; rather, it is 

completely based on recently acquired mammography-energy x-ray spectra measured by 

Fewell and colleagues in the spectroscopic laboratories of the Center for Devices in 

Radiological Health1̂281. The technique presented is capable of producing realistic 

polyenergetic x-ray spectra at any keV between 18 keV and 40 keV inclusive, for 

molybdenum, rhodium, and tungsten anodes. Additional spectral shaping by elemental filters 

such as molybdenum or rhodium, which is routine in mammography systems used clinically, 

can be applied to the raw spectra produced by the model using the energy-dependent 

Lambert-Beers law with appropriate attenuation coefficients.

The spectra were essentially normalized to constant mAs. A high purity germanium detector 

coupled to a multichannel analyzer was used, with calibrated energy channels of 100 eV. For 

the molybdenum and the tungsten anodes, the measured x-ray spectra were rebinned into 500 

eV intervals starting at 0.5 keV, with energy bins centered at 0.5, 1.0, 1.5, 2.0, 2.5... 50 keV. 

The technique for interpolating the spectra is identical for all three anode materials, so it will 

be described only for the molybdenum anode spectrum. Let 0 (  E, V) represent the photon

fluence (photons/mm ) at energy E when a voltage V is applied to the x-ray tube. At each 

energy “ bin” (0.5 keV intervals were used), a polynomial function was defined as |281:

<D(£, V) = a0 [£] + a, [a ]F + a2 [e ]F2 + a3 [a ]L3................. (2.1)

Figure 2.10, illustrates the measured molybdenum x-ray spectra.
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Figure 2.10: The measured molybdenum spectra at 20 kVp, 30 kVp, and 40 kVp [28]

2.3.3 Half Value Layer

The half value layer (HVL) of the mammography x-ray beam is on the order of 0.3 to 0.45 

mm Al for the kVp range and target/filter combinations used in mammography (Fig 2.11). In 

general, the HVL increases with higher kVp and higher atomic number targets and filters. 

HVLs are also dependent on the thickness of the compression paddle. For a Mo filter and Mo 

target at 30 kVp, after the beam passes through a Lexan compression paddle of 1.5 mm, the 

HVL is about 0.35 mm Al. This corresponds to a HVL in breast tissue of approximately 1 to 

2 cm, although the exact value strongly depends on the composition of the breast tissue (e.g., 

glandular, fibrous, or fatty tissue) [21l
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HVL for Mo/Mo and Mo/Rh

Figure 2.11: The half value layer versus kVp for a Mo target tube with 0.030-mm Mo filter

(bottom curve) and 0.025-mm Rh filter (top curve) are plotted as a function of 

kVp. These values include the attenuation of the compression paddle [21].

2.3.4 Tube Output

Tube output [milliroentgen/milliampere second (mR/mAs)] is a function of kVp, target, 

filtration, location in the field, and distance from the source. At mammography energies, the 

increase in exposure output is roughly proportional to the third power of the kV, and directly 

proportional to the atomic number of the target (Fig 2.12). The MQSA (MQSA, 

Mammography Quality Standards Act.), requires that systems used after October 2002 be 

capable of producing an output of at least 7.0 mGy air kerma per second (800 mR/sec) when 

operating at 28 kVp in the standard (Mo/Mo) mammography mode at any SID where the 

system is designed to operate [21l

Tube output versus kVp

Tube output (mJR/mAs at 50 cm) for a clinical mammography unit with 

compression paddle in the beam for a Mo target with 0.030-mm Mo filter, and 

with a 0.025-mmRh filter. Calculated tube output it 60 cm for a 3-second

exposure (100 mA using 26 kVp (Mo/Mo) is 1,180 mR/sec [21]
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2.3.5 Collimation

Fixed-size metal apertures or variable field size shutters collimate the x-ray beam. For most 

mammography examinations, the field size matches the film cassette sizes (e.g., 18 X 24 cm 

or 24 X 30 cm). The exposure switch is enabled only when the collimator is present. Many 

new mammography systems have automatic collimation systems that sense the cassette size. 

Variable x-y shutters on some systems allow the x-ray field to be more closely matched to the 

breast volume.

There is no significant disadvantage to full-field collimation compared to collimation to the 

breast only, as the tissues are fully in the beam in either case.

The collimator light and mirror assembly visibly define the x-ray beam area. Between the 

collimator and tube port is a low attenuation mirror that reflects light from the collimator 

lamp. The light field must be congruent with the actual x-ray field to within 1% of the SID 

for any field edge, and 2% overall[21].

2.3.6 X-Ray Generator and Automatic Exposure Control

High-frequency generators are the standard for mammography due to reduced-voltage ripple, 

fast response, easy calibration, long-term stability, and compact size.

Older single-phase and three-phase systems provide adequate capabilities for mammography, 

but certainly without the accuracy and reproducibility of the high-frequency generator.

The automatic exposure control (AEC), also called a phototimer, employs a radiation sensor 

(or sensors), an amplifier, and a voltage comparator, to control the exposure (Fig 2.13). 

Unlike most conventional x-ray machines, the AEC detector is located underneath the 

cassette. This sensor consists of a single ionization chamber or an array of three or more 

semiconductor diodes.

The sensor measures the residual x-ray photon flux transmitted through the breast, anti

scatter grid (if present), and the image receptor. During the exposure, x-ray interactions in the 

sensor release electrons that are collected and charge a capacitor. When the voltage across the 

capacitor matches a preset reference voltage in a comparator switch, the exposure is 

terminated.
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Figure 2.13: The automatic exposure control (AEC) (phototimer) circuits use sophisticated

algorithms with input from the breast thickness (from the compression 

paddle), breast density (via a test exposure), density setting (operator density 

selector), and exposure duration (reciprocity law failure issues) to determine 

overall exposure time. In fully automatic modes, the kVp, beam filter, and 

target are also determined, usually from a short (100 mSec) exposure that the 

sensor measures to determine attenuation characteristics of the breast [21l

2.3.7 Compression

Breast compression is a necessary part of the mammography examination. Firm compression 

reduces overlapping anatomy and decreases tissue thickness of the breast (Fig 2-14). This 

results in fewer scattered x-rays, less geometric blurring of anatomic structures, and lower 

radiation dose to the breast tissues. Achieving a uniform breast thickness lessens exposure 

dynamic range and allows the use of higher contrast film.

Finally, by clamping the breast in place, anatomical motion is reduced. Thus, for a multitude 

ofreasons, firm compression is absolutely essential[24].

Compression is achieved with a compression paddle, a flat Lexan plate attached to a 

pneumatic or mechanical assembly (Fig 2.14.B). The compression paddle should match the 

size of the image receptor (18 X 24 cm or 24 X 30 cm), be flat ana parallel to the breast
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support table, and not deflect from a plane parallel to the receptor stand by more than 1.0 cm 

at any location when compression is applied.

A right-angle edge at the chest wall produces a flat, uniform breast thickness when 

compressed with a force of 10 to 20 newton (22 to 44 pounds). One exception is the spot 

compression exam. A smaller compression paddle area (5-cm diameter) reduces even further 

the breast thickness in a specific breast area and redistributes the breast tissue for improved 

contrast and anatomic rendition [21].

To minimize patient discomfort, it is desirable that compression can be released remotely 

from the control console after exposure [24].
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Figure 2.14: A: Compression is essential for mammographic studies to reduce breast

thickness (lower scatter, reduce radiation dose, and shorter exposure time), 

and spread out superimposed anatomy.B: Suspicious areas often require 

"spot" compression to eliminate superimposed anatomy by further spreading 

the breast tissues over a localized area [21].

2.3.8 Grid

In mammography of dense or large breasts, image contrast can be reduced markedly by 

scattered radiation from the breast being recorded by the imaging -,ystem. The scatter-to

primary ratio for a breast of average size and density can be 0.6 or greater. The use of a grid
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significantly improves image contrast for large or dense breasts. To avoid excessive increase 

in patient dose, the grid should have a high transmittance of primary radiation, for this 

reason, carbon-fiber covers and fiber-interspaces materia! are oiten used. Because of the low 

energies used in mammography it is important that the covers be of uniform construction so 

that structural artifacts are not introduced.

Typically, a mammographic grid can reduce the scatter-to-primary ratio at the image receptor 

by a factor of 3 or more while requiring at least a two-fold increase in exposure if the 

kilovoltage is not raised.

It has been suggested that a grid will significantly improve the diagnostic quality of 

mammograms in about 20% of cases. Where women receive periodic mammography 

previous examinations should be used to assess the need for a grid f!3t.

Scattered radiation is an additive, slowly varying radiation distribution that degrades subject 

contrast. If the maximum subject contrast without scatter isCf) AP P. the maximum

contrast with scatter is:
/

C -  COf 0 1 +
V

s
p

\

( 2 .2)

j

Where S is the amount of scatter, P is the amount of primary radiation, and SIP is the scatter 

to primary ratio. The quantity modifying C0 is the scatter degradation factor or contrast

eduction factor. Typical SIP ratios are plotted in Fig 2.15 0

M o /M o  — 5 0 %  G la n d u la r tissue

Figure 2.15: X-ray scatter reduces the radiographic contrast of the breast image. Scatter o

chiefly dependent on breast thickness and field area, and largely independent 

of kVp in the mammography energy range (25 to 35 kVp). Hie scatter-to- 

primary ratio is plotted as a function of the diameter of a semicircular field 

area aligned to the chest wall edge, for several breast thicknesses of 50 <

glandular tissue 21
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2.3.9 M agnification Technique

Magnification is achieved by placing a breast support platform (a magnification stand) to a 

fixed position above the detector, selecting the small (0.1 mm) focal spot, replacing the anti

scatter grid with a cassette holder, and using an appropriate compression paddle (Fig 2.16). 

Most dedicated mammographic units offer magnification of 1.5x, 1,8x, or 2.Ox [21 ]

2.3.9.1 Advantages o f m agnification include

(a) Increased effective resolution of the image receptor by the magnification factor.

(b) Reduction of effective image noise, and

(c) Reduction of scattered radiation.

Magnification has several limitations, the most dominant being geometric blurring caused by 

the finite focal spot size (Fig 2.16). Spatial resolution is poorest on the cathode side of the x- 

ray field (toward the chest wall), where the effective focal spot size is largest. The 

modulation transfer function (MTF) is a plot of signal modulation versus spatial frequency,
A

which describes the signal transfer characteristics of the imaging system components. A 

point-source focal spot transfers 100% of the signal modulation of object at all spatial 

frequencies (a horizontal MTF curve at 100% or 1.0). Area focal spots produce geometric 

blurring of the object on the imaging detector [21].
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Figure 2.16: Geometric magnification. A support platform positions the breast toward the

focal spot, giving 1.5x to 2.Ox image magnification. A small focal spot (0.1- 

mm nominal size) reduces geometric blurring and preserves contrast. 

Variation of focal spot size along the cathode-anode axis is accentuated with 

magnification due to the increased penumbra width as depicted in the figure, 

such that the best resolution and detail in the image exists on the anode side of 

the field toward the nipple [21].

Radiation D osim etry o f m am m ography

X-ray mammography is the technique of choice for detecting nonpalpable breast cancers. 

However, the risk of carcinogenesis from the radiation dose to the breast is of much concern, 

particularly in screening examinations, because of the large number of women receiving the 

exams. Thus, the monitoring of dose is important and is required yearly by the MQSA [21].

The dosimetric quantities according to code of practice ICRU 74 on patient dosimetry of x- 

raysused in medical imaging, divided in to basic and application specific quantities.
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2.4.1 Basic dosim etric quantities

dN
a- Fluence: O = —  , unit m  2 ........................ (2.3)

da

dRb- Energy fluence: 4/ = —  unit J i m 2....................... (2.4)
da

c- Kerma and kerma rate:

dE
k = — — Unit J / kg or the special unit Gy ..................... (2.5)

dm

dk
k * = —  , unit J  k g  1 .S 1 or the special unit Gy! S ................ (2.6)

dt

d- Energy imparted: e  = Rm ~ R out +  ^ Q  , unit J ........................ (2.7)

e- Absorbed dose: D = — , unit J / kg or the special unit G y................. (2.8)
dm

2.4.2 Application o f specific dosim etric quantities

In the past, the Roentgen (R), the old unit of quantity exposure, was used instead of air 

kerma. Values of exposure in Roentgen can be converted to air kerma in gray using the

conversion 0.876x \0~2 Gy IR . 

a- Incident Air kerma

The incident air kerma, kt , is the kerma to air from an incident X- ray beam measured on the

central beam axis at the position of the patient or phantom surface (Fig 2.17). Only the 

radiation incident on the patient or phantom and not the backscattered radiation is included. 

Unit: J/kg. The name for the unit of kerma is gray (Gy).

b- Entrance surface air kerma

The entrance surface air kerma, kc, is the kerma to air measured on the central beam axis at

the position of the patient or phantom surface (Fig 2.17). The radiation incident on the patient 

or phantom and the backscattered radiation are included.

Unit: J/kg. The name for the unit of kerma is gray (Gy).

The entrance surface air kerma is related to the incident air kerma b> the backscatter factor. 

5, thus: k = k B [26\
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X  - ray tube 

Tube focus
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Scattered radiation
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I \
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KAP meter
(air kerm a- area product P  )
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(no backscatter)
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ray tube output Y  (d)

Entrance surface air kerma Kt 
(includes backscatter)
Organ Dose D ,

Absorbed dose to tissue D

Patient support

Image receptor 
Primary Beam

F ig u re  2.17: Diagram of the measuring arrangement

c- X -ra y  tu b e  o u tp u t

The X ray tube output, Y(d), is defined in ICRU 74 as the quotient of the air kerma at a

specified distance, d, from the X- ray tube focus by the tube current-exposure time product. 

P„, thus:

Y(d) = k{d)!Ph ..................... (2.9)

Unit: J..kg~] .C~l . If the special name gray is used, the unit of X- ray output is

Gy I Cor Gy.A~{ .S~x

The tube current-exposure time p ro d u c t,^ , is also referred to in the Code of Practice (IRS 

457) as the tube loading ^A\
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2.4.3 Quantities related to stochastic and deterministic effects

2.4.3.1 Mean glandular dose

The ICRP and ICRU recommend the use of the mean dose to the glandular tissues within the 

breast for breast dosimetry in diagnostic radiology. This quantity has been referred to in the 

literature as both ‘mean glandular dose’ and ‘average glandular dose’. The term mean

glandular dose and the notation/) are used in this Code of Practice [26\
o

The glandular tissue is most always the site of carcinogenesis, and thus the preferred dose 

index is the average glandular dose. Because the glandular tissues receive varying doses 

depending on their depths from the skin entrance site of the x-ray beam, estimating the dose 

is not trivial. The midbreast dose, the dose delivered to the plane of tissue in the middle of the 

breast, was the radiation dosimetry benchmark until the late 1970s. The midbreast dose is 

typically lower than the average glandular dose and does not account for variation in breast 

tissue composition [21].

2.4.3.2 Average Glandular Dose

The average glandular dose, D , is calculated from the following equation1211:
o

D x = D z » x X z s e ...........................................( 2- 10)

Where X ESE: is the entrance skin exposure (ESE) in roentgens, and DgN is an ESE to average

glandular dose conversion factor with units of mGy/R or mrad/R. An air filled ionization 

chamber measures the ESE for a given kVp, mAs, and beam quality.

The conversion factor D N is determined by experimental and computer simulation methods

and depends on radiation quality (kVp and HVL), x-ray tube target material, filter material, 

breast thickness, and tissue composition. Table 2-1: lists DgN Values for a 50% adipose, 50%

glandular breast tissue composition of 4.5 cm thickness as a function of HVL and kVp for a 

Mo/Mo target/filter combination 121'.
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Table 2.1: DgN  conversion factor (mRad per Reuniting) as the function of HVL and kVp

for Mo target/ Filter: 4.5 cm breast thickness of 50% glandular and 50% adipose breast tissue 

composition.

JcVp

HVL (mm) 25 26 27 28 29 30 31 32

0.25 122
0.26 126 128
0.27 130 132 134
0.28 134 136 138 139
0.29 139 141 142 143 144
0.30 143 145 146 147 148 149
0.31 147 149 150 151 152 153 154
0.32 151 153 154 155 156 158 159 160
0.33 155 157 158 159 160 162 163 164
0.34 160 161 162 163 164 166 167 168
0.35 164 166 167 168 169 170 171 172
0.36 168 170 171 172 173 174 175 176
0.37 174 175 176 177 178 178 179
0.38 179 180 181 182 182 183
0.39 184 185 186 186 187
0.40 189 190 191 192

•Adapted from ACR QC Manual, 1999.

For a 26-kVp technique with a HVL of 0.35 mm Al, the average glandular dose is 

approximately 17% of the measured ESE (Table 2.1). For higher average x-ray energies (e.g.. 

Mo/Rh, Rh/Rh, W/Mo, W/Rh), conversion tables specific to the generated x-ray spectrum 

must be used, as the Devalues increase due to the higher effective energy of the beam. D v

decreases with increasing the breast thickness for constant beam quality and breast 

composition. This is because the beam is rapidly attenuated and the glandular tissues furthest 

from the entrance receive much less dose in the thicker breast (e.g., IJ , K  = 220mrtull R for

3-cm thickness versus 110 [21l

2.4.4 Quantities for spectrum simulation:

The exposure in (mR) at the surface of the phantom can be estimated from the calculated 

photon fluence in photons/mm modified for the slot scanning beam using the empirically 

derived equation l32]:

q(E)[1 -  e -^x\lE  x q(E) ................. (2.11)
mm

(E) is a conversion factor in units of milliRontge,i(mR)/photon/mm: which is 

estimated using the empirical equation

x + yJ~E  In (L ’) +
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where x, y, and z are constants equal to -5.023e-06, 1.81 le- 07, and 0.009 respectively.

The detector exposure was then estimated using the tollowing equation 132],

Di-xpo C" «(£)[' -^ } 7 £ x ^ (£ )x 8 .7 6 ................... (2.13)

The factor of 8.76 converts from mR to (pGy).

The attenuated energy spectrum through the breast was calculated using the Lambert-Beers 

law [32]:

P u r e e s !  ( E )  =  V - e (2.14)

where q and qBreast are intensity of the incident and transmitted radiation, respectively, f i ,, is 

the attenuation coefficient of the breast and xB is the thickness of the breast.

2.5 Ionization Chamber

Ionization chambers are used in radiotherapy and in diagnostic radiology for the 

determination of radiation dose. The dose determination in reference irradiation conditions is 

also called beam calibration [10l

Ion chambers are ideally suited to high exposure rate situations, and are really the only 

suitable instruments when the energy spectrum of the radiation field is composed of low-

energy photons, or is composed of an unknown or complex series of photon energies in

An ionization chamber basically consists of a gas volume between two electrodes connected 

to a high voltage supply of typically 100 V to 1000 V. In this gas volume ionizing radiation 

creates ion pairs. These, being positive and negative charge carriers, are attracted by the 

electrodes thus creating a current which can be measured by an electrometer. Gas (air)
3 3 •volumes vary from 0.01 cm to 10,000 cm , corresponding currents can be between 10-14 A

and 10-7 A. Using non-polar fluids, liquid-filled ionization chambers can be realized

The most common type of ionization chamber for diagnostic radiological measurement of air 

kerma is a plane parallel chamber. Plane parallel ionization chambers (also known as parallel 

plate chambers) use two parallel, flat electrodes, separated by a few millimetres. They are 

calibrated with their plate’s oriented perpendicular to the beam axis, which is also the 

orientation in which they should be used. Some of these chambers have different entrance 

and exit windows, in which case it is important that the entrance window faces the X-ray- 

focal point t26l
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Figure 2.18: Schematic diagram of plane parallel ionization chambers. 1: polarizing

electrode; 2: measuring electrode; 3: guard ring, (a) is the diameter of the 

polarizing electrode; (b) is the diameter of the collecting electrode; (c) is the 

width of the guard ring; and (d) is the height (electrode separation) of the air 

cavity [26l

2.6 MATLAB Programme:

MATLAB is the premier software package for technical computation, data analysis, and 

visualization in education and industry. MATLAB allows you to focus on your course work 

and applications rather than on programming details. It enables you to solve many numerical 

problems in a fraction of the time it would take you to write a program in a lower level 

language.

MATLAB products are used in a broad range of industries, including automotive, aerospace, 

electronics, environmental, telecommunications, computer peripherals, finance, and medical
[13]

MATLAB relieves you of a lot of the mundane tasks associated with solving problems 

numerically. This allows you to spend more time thinking, and encourages you to 

experiment, makes use of highly respected algorithms and hence you can be confident about 

your results.
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Powerful operations can be performed using just one or two commands. You can build up 

your own set of functions for a particular application.

Excellent image processing and graphics tools are available, and the pictures can be inserted 

into LATEX and Word documents [27l
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Chapter Three

Materials and Methods

3.1 Materials

This chapter presents the method and materials that were used to estimate the mammography 

x-ray spectrum and patient entrance dose. The data needed for the generation of x-ray 

spectrum and radiation dose were collected form Boone data [28', attenuation coefficients X- 

COM web site [29], measuring data from different mammography units,..

3.1.1 Data from literature

A computer model for the generation of x-ray spectra in the mammographic energy range 

from 18 keV to 40 keV has been developed. The proposed model requires no assumptions 

concerning the physics of x-ray production in an x-ray tube, but rather makes use of x-ray 

spectra recently measured experimentally in the laboratories of the Center for Devices and 

Radiological Health [28].

Using x-ray spectra measured for molybdenum, rhodium, and tungsten anode x-ray tubes at 

13 different kV’s (18, 20, 22,..., 42 kV) and the interpolating polynomials coefficients 

determined at each 0.5 keV that was developed by Boone [28] as a function of the applied tube 

voltage (kV) (see Appendix A), the mammography x-ray spectrum was model for any 

arbitrary kV between 18 and 40 kV. Each anode material (Mo, Rh, W) uses a different set of 

polynomial coefficients. In accordance to the following equation [28]:

(f>{photons / mm2) a0 + a, x kV +a2x kV2 + a, x kV3

3.1.2 Data for attenuation from X-COM

To generate the energy spectrum using molybdenum target, mass energy attenuation 

coefficients were needed. These were extracted from a physics database called XCOM t29!. 

provided by the National Institute of Standards and Technology. These tables provide mass 

energy attenuation coefficients for any compound, element or mixture at each of the energies 

specified by the user [29], (See Appendix B).
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3.1.3 Mammography Unit

All measurements were taken from the IMS-Giotto 2004 mammography unit - made in Italy. 

For specifications of this unit (See Appendix C). This unit is in Radiation and Isotope Centre, 

Khartoum (RICK).

3.1.4 Parallel plates Ionization Chamber

The parallel plate’s ionization chamber is the best option to use in the dose measurement. All 

measurements were taken using a parallel plate’s ionization chamber - model 77334 with a 

flat response suitable for both diagnostic and mammography.

The ionization chamber was placed on the surface of the compression plate to measure the 

entrance Air kerma for different kVp and mAs from x-ray target/filters, Mo/Rh, taken into 

consideration that the compression paddle placed down of the chamber to avoid all the 

backscatter, (See Appendix C).

3.1.5 MATLAB Software

A simple mathematical model to generate x-ray spectrum and to estimate the entrance dose of 

mammography system was developed using MATLAB software (See Appendix D) and x-ray 

spectrum data taken from literature[285,[29l

3.2 Experimental Method

3.2.1 Dose measurement

A PTW NOMEX dosimetry system (See Appendix C) at RICK was set for dose measurement 

as follows:

• Select the application dose by means of select key No.l, and then choose the 

measuring task (dose measurement). Using the according select key.

• Connect ionization chamber to in put channel CH3 and adjust chamber type 

with select key No.l. Then select the serial number of the connected chamber 

by means of select key No.2.
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• By pressing the select keys No.3, No.2 and No.l the appropriate correction 

factor of temperature, pressure and kQ are to be adjusted and the correction

factors are confirmed by pressing ENTER key.

• The measuring range of dose was selected (high) from the RGE control key.

• The measurement of dose start by pressing STA key. After adjusted the 

chamber under the mammography machine above the compression paddle, at 

a distance of 60cm from the x-ray source - (SCD) source chamber distance. 

Different kVp and mAs setting were selected from the control console.

• The measurements were repeated three times and the average reading of dose 

in mGy was taken for several kVp and mAs.

3.2.2 Estimated Dose

X-ray spectrum was generated using Boone’s equation (3.1), and applied filter was 

used to attenuate the spectrum using Beer Law (2.14), for various system parameters 

including x-ray tube current, peak voltage, and different filter materials.

X-ray spectrum was then calibrated using the exponential function below 3̂3J:

y  = C + Ae{-x/B) ............................. (3.2)

where C, A, and B are constants which can be determined from, the calibration 

factors for different tube voltages.

From the calibrated x-ray spectrum, the exposure was calculated for different kV and 

mA using equation (2.11).

Finally entrance dose was computed in accordance to equation (2.13) for different 

kVp and mAs, and then the estimated values were compared with the measured doses.
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C hapter Four

R esults and D iscussion

4.1 The estimation of mammography x-ray spectrum

Figure 4.1 shows the estimated x-ray spectrum for different tube voltages (kVp)
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Figure 4.1 : The estimated x-ray spectrum for different tube voltage (kVp)
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4.2 Calibration of the x-ray spectrum

The x-ray spectrum was calibrated for specific x-ray tube using the calibrated factors that 

were determined from the measured dose and the calculated dose from the generated x-rav 

spectrum for different kVp (22, 25. 30), and fixed mAs (80mAs). As shown in fable 4.1 

below.

Tabic 4.1: The relationship between the tube voltage and the calibration factors, which 

represent an exponential curve.

kVp mAs
Measured dose 

(mCy)
Estimated 

dose (mCy)
measured 

( .r -= —----------
estimated

22 80 6.306 4.23 1.49078

25 80 10.06 12.18 0.825944

30 80 17.599 27.38 ^ 0.642768

figure 4.2, shows the exponential curve between kVp and calibration factors
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4, (22.1.49078)

(25,0.825944)

(30,0.642768)
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I
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kVp
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Figure 4.2: The exponential curve between kVp and calibration factors.

Using the exponential function for three points the constants A, B. and C were determined:

y C + Ae(~xlln............................ (4.1)

C = 0.625475 

A = 39334 

B = 2.0514
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T h e  e q u a t i o n  o f  t h e  c a l i b r a t i o n  f a c t o r  c a n  b e  w r i t t e n  a s  f o l l o w s :

v = 0.625475 + (39334)c("/d/’ 2 05,4> 

where: kVp is the tube voltage.

4.3 Measured and Estimated Entrance Surface Dose

fable 4.2 and Figure 4.3 show the estimated and the measured entrance dose for 22 kVp for 

different tube currents (mAs), and Mo/Mo target/fiIter combinations.

Table 4.2: The measured and estimated entrance Dose for 22kV and various mAs .

mAs
Measured 

Dose (mGy)

Estimated Dose 

(mGy)
Differences %

10 0.7857 0.789 0.420008
j

20 1.602 1.578 1.498127

30 2.356 2.367 0.466893
40 3.162 3.156 0.189753
50 3.991 3.945 1.152593
80 6.306 6.312 0.095147
110 8.781 8.679 1.161599
140 1 1.3 1 1.046 2.247788
180 14.51 14.202 2.122674
210 16.85 16.569 1.667656

Figure 4.3, bellow shows the relationship between measured and estimated dose versus mAs

at 22 kVp.

R e la tio n  b e tw e e n  m A s  &  D o se  a t  k V = 2 2

18 -i
1 R - $I o
1 A  _ f tI *T 

>% 19o
E 1 n - t tI U
G> R  , *

© R□  b
4  -
o _

0 -

♦  m e a s u re d  d o se  

estim ated  d o se

0 5 0  100  150  2 0 0  2 5 0

T u b e  C u rre n t (m A s )

Figure 4.3: T h e  r e l a t i o n s h i p  b e t w e e n  m e a s u r e d  a n d  e s t i m a t e d  d o s e  v e r s u s  m A s  a t  2 2  k V p .
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Table 4.3 and Figure 4.4 show the estimated and the measured entrance close for 23 kVp 

different tube current (mAs), and Mo/Mo target/filter combinations.

Table 4.3: The measured and estimated entrance Dose at 15kV and various mAs .

mAs
Measured Dose 

(mGy)

Estimated Dose 

(mGy)
Differences %

10 1.266 1.258 0.631912 j

20 2.601 2.515 3.306421 !|
30 3.666 3.773 2.918712
40 4.935 5.031 1.945289
50 6.234 6.288 0.866218
80 10.06 10.061 0.00994
1 10 13.84 13.834 0.04 3 3 5 3
140 17.51 17.607 0.553969
180 22.566 22.638 0.319064
210 26.43 26.411 0.071888 i________________ J

Figure 4.4, shows the relationship between measured and estimated dose versus mAs at 25 

kVp.
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Figure 4.4: The relationship between measured and estimated dose versus mAs at 25 kVp.
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Table 4.4 and Figure 4.5 show the estimated and the measured entrance dose lor 30 kVp. 

different tube current (mAs), and Mo/Mo target/fiIter combinations.

Table 4.4: The measured and estimated entrance air kerma (Dose) at 30kV and variousrnA:s .

mAs
Measured Dose 

(mGy)

Estimated 

Dose (mGy)
Differences %

10 2.265 2.201 2.825607
20 4.401 4.401 0
30 6.573 6.601 0.425985
40 8.805 8.802 0.034072
50 11 1 1.002 0.018182
80 17.599 17.604 0.02841 1
1 10 24.219 24.205 0.057806
140 30.7942 30.806 0.038319
180 39.672 39.608 0.161323
210 46.237 46.21 0.058395

Figure 4.5, shows the relationship between measured and estimated dose versus mAs at 30

kVp.

Figure 4.5: The relationship between measured and estimated dose versus mAs at 30 kVp.
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Figure 4.6 shows the relation between the measured and estimated dose at different kVp 

(22, 25, and 30 kVp).

Figure 4.6: The relationship between measured and estimated entrance surface dose

As for correlation about 0.9999 for measured and 1 for estimated dose, which demonstrates 

the strength of a linear relationship, Figure 4.7 illustrates this.

doses at kVp= 22.

Figure 4.7: T h e  c a l c u l a t i o n  o f  s l o p e ,  c o r r e l a t i o n  a n d  e r r o r % f o r  b o t h  e s t i m a t e d  a n d  m e a s u r e d

43



In Table 4.3 and Figure 4.8, note that both follow a very small difference between the 

measured and estimated doses, about 0.00015 or (0.015%). As for correlation it is a \er\ 

strong value 0.9999, I respcetively.

Relation betw een m A s & D o se  at kV =25

Figure 4.8: The calculation of slope, correlation and error% for both estimated and measured

doses at kVp= 25.

From Table 4.4 and Figure 4.9, we find that there is no difference between the measured and 

estimated doses and it accounts to about 0.0001 or (0.01%) which can be omitted. As for the 

correlation it is very strong and equal 1 for both doses.

Relation betw een mAs & Dose a t kV=30

Figure 4.9: T h e  c a l c u l a t i o n  o f  s l o p e ,  c o r r e l a t i o n  a n d  e r r o r %  f o r  n o t h  e s t i m a t e d  a n d  m e a s u r e d

doses at kVp= 30.
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Figure 4.10 show the linear relationship between the measured and estimated doses for each

of the values of the voltage 22, 25 and 30 kVp. And calculation of slope and correlation 

between both values (measured & estimated).

Relation betw een m easured & estim ated doses * 22 kVp 
y -  0.983x 
R2 -  0.9999

25 kVp 
y = 1.002x

R2 = 0.9999
30 kVp 

y = 0.9994x
R2 -  1

*  22 kVp

* 25 kVp 

30 kVp

----- Linear (30 kVp)

----- Linear (25 kVp)

----- Linear (22 kVp)

Figure 4.10: I he linear relationship between the measured and estimated doses for each of

the values of the voltage 22, 25 and 30 kVp.

4.4 The statistical analysis

Tables (4.5 and 4.6) show the paired sample T-Test and Correlations between measure and 
estimate dose at kVp (22, 25, and 30).

Table 4.5: The paired sample correlation between measured and estimated doses.

kVp N Correlation Sig. Level

22 measured& estimated 10 1.000 0

25 measure & estimated 10 1.000 0

30 measured & estimated 10 1.000 0
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Table 4.6: The paired sample T-test between measured and estimated doses.

Paired D ifferences

| Std. Error
95% Confidence Interval o f  ,

i

the D ifference

kV p -\fean Std. Deviation ivfean
1 1 ii

Low er U pper t ( d f S a . (2-tailed)

22 m easured -estim ated 0.100070 0.129744 0.041029 0.007257 0.192883 2.439 9 0.037

25 m easured-estim ated -0.030800 0.063723 0.020151 -0.076385 0.014785 -1.528 9 0.161

JO m easured- estim ated 0.012520 0.030751 0.009724 -0.009478 0.034518 1.287 9 0 2 3 0
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Chapter Five

Conclusion and Recommendation

5.1 Conclusion

Using the mathematical model developed using Boone data, the estimated x-ray spectrums 

were generated for different tube voltages and tube currents. The x-ray spectrum was then

calibrated for specific x-ray tube using the derived equation (3.3) from the measured dose

data.

As shown in Figure (4.7) the good agreement between the measured and the estimated values 

with a good correlation and nearly equal slope (0.0803 and 0.0789 respectively). The 

maximum estimated difference between the measured and the simulated dose is

approximately equal to 0.07%.

In Figure (4.8) show the good agreement between the measured and the estimated values 

with a good correlation and approximately equal slope (0.1255 and 0.1258 respectively). The 

maximum estimated difference between the measured and the simulated dose is

approximately equal to 0.015%.

As shown in Figure (4.9) show the good agreement between the measured and the estimated 

values with a good correlation and approximately equal slope (0.2202 and 0.2200 

respectively). The maximum estimated difference between the measured and the simulated 

dose is approximately equal to 0.01%.

Table (4.5 and 4.6) showed the good correlation of 1 between the measured and estimated 

doses for all tube voltages, this indicates the linear relationship between the measured and 

estimated values. The significance level (0.00 values) indicates the rejection of the null 

hypothesis and to use the alternative to test the relationship.

When the voltage is 22, t-value equal 2.439, the p-value fcund that 0.037-< 0.05 : this means 

that the mean of measured doses not equal that of estimated doses. In other words the
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existence of differences between the measured and estimated values, although it’s very small 

difference which can be omitted.

For tube voltage 25 and 30, t-values are -1.528 and 1.287, respectively, p-values in 0.161 and 

0.230 respectively this statistically shows no significance difference between measured and 

estimated values, in other words means are nearly equals.

The spectrum calibration factors show a tube voltage dependency, which can be estimated 

using equation (4.2).

The developed mathematical tool using experimental data which developed by Boone et.al 

[28], for the estimation of mammography x-ray spectrum and patient entrance doses showed a 

good accuracy for tube voltage between 18 to 45 kVp.
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5.2 Reco endation

This model can evaluate in different mammography system

The model can be used to estimate the patient entrance dose before examination

The model can also be used to estimate the mean glandular dose for the calculated 

entrance dose and Boone equation (2.13)[32].
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Data for generating the X-ray spectrum

Appendix A

Interpolating polynomials coefficients determined at each 0.5 keV that was developed by 

Boone [28] as a function of the applied tube voltage (kV) to generate X-ray spectrum.

Table A: Polynomial coefficients for the molybdenum anode x-ray tube at each energy.
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Appendix B

Filtration Data

These were extracted from a physics database called XCOM [29], provided by the National 

Institute of Standards and Technology. These tables provide mass energy attenuation 

coefficients for any compound, element or mixture at each of the energies specified by the 

user.

Table B: Illustrate the relation between photon energy and attenuation coefficient for molybdenum 
(Z=42), and Rhodium (Z=45)[29].
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Measured Dose components 

C.l: Mammography machine

Appendix C

Figure C .l: IMS-Giotto 2004 mammography unit.
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C.2 Devices for dose measurement

Figure C.2: (a) Electrometer (NOMEX), (b) Parallel plate ionization chamber, (c)

Thermometer and (d) Barometer.
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MATLAB interface

When you start MATLAB, the MATLAB desktop appears, containing tools (graphical user 

interfaces) for managing files, variables, and applications associated with MATLAB.

The first time MATLAB starts, the desktop appears, then enter to GUI titled mammography. 

The GUI developed to generate x-ray spectrum and compute the entrance surface dose. 

Figure D.l show the GUI for modelling mammography system. The GUI contain to input 

channels, and output channels which are divided to three stages,

1. X-ray tube setting.

2. Spectrum characteristics.

3. Dose estimation.

Appendix D

D .l X-ray Tube setting

This allows user to set the input parameter of x-ray tube (Technique factors)

kVp edit text 1 this allows user to set the tube voltage

mAs edit text 2 this allows user to set tube current.

mmMo edit text 3 this allows user to add thickness of molybdenum to filter the

spectrum

mmRh edit text 4 this allows user to add thickness of rhodium to filter the spectrum.

D.2 Spectrum Characteristics

Generate spectrum push button 3 this allows user to generate the x-ray spectrum by 

apply Boone equation f28l  And calibrate it with correction factor that set by user.

Filtered spectrum push button 4 this allows user to filtered the spectrum by applying 

Beer's law 3̂2J.
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D.2.1 Plot characteristics:

Plot color pup-up menu 1 this allows user to select the spectrum color 

Plot push button 5 this allows user to change the spectrum color 

Grid on radio button 1 this allow user to apply the grid.

Estimation of Entrance Surface Dose

x 10

Spectrum Characteristics

Generate Spectrum Fiered Spectrum

X-Ray Tube Setting

Kvp
3 0

mAs 8G
mmMo

0 . 0 3

mmRh
0 . 2 5

D o s e  E s & n a t io n

Icy

mA.s

Incident Exposure in Air

Exposure 0 mR

Entrance Surface Dose

Dose 0 mGy

Figure D.l: Mammography model user interface system, showing the input parameters, and

X-ray spectrum
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D.3 Dose estimation:

Exposure push button 1 this allows user to compute the exposure value in (mR) 

Dose push button 2 this allows user to account the entrance surface dose in (mGy).

Figure D.2: Mammography model interface, showing filtration x-ray spectrum and dose 

estimation.
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