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ABSTRACT
Quality control tests have been undertaken on thirteen mammography systems
with the aim of optimizing procedures and patient radiation protection,
establishing diagnostic reference levels (DRLs) and establishing quality control
(QC) baseline data for the diagnostic mammography practice in Ghana.
Quantitative image quality analysis was performed with “ImageJ” software
using the “Rose Model” while all other tests were performed using
internationally accepted protocols. Results from tube voltage accuracy and
repeatability, output linearity and repeatability and half value layer
measurements indicated satisfactory performance of all the systems. Results
from the mammography units’ assembly evaluation, compression plate
assessment and short term automatic exposure control (AEC) test showed in
some systems malfunctioning of compression paddles, misalignment of the
compression plate and faulty AEC systems. Estimated parameters of signal-to-
noise ratio (SNR) indicate that all images were not of standard quality. Results
from mean glandular dose (MGD) measurements show that doses being
received are within the acceptable levels with the exception of two systems
whose MGD estimates exceeded the limit by 17.07% and 3.92% for the 60 mm
and 75 mm equivalent breast thicknesses (EBT) respectively. Another system
also exceeded the limit by 9.52% for the 75 mm EBT. DRLs based on phantom
measurements have been established. Data from measurements undertaken was
used to develop a model using MINITAB application software that predicts the
exposure parameters, mean glandular dose and image quality before exposure
is taken. Results from modelled equations proved to aid the mammography

process.
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CHAPTER ONE
INTRODUCTION

The study is based on the medical imaging modality of mammography.
Mammography can be used for either diagnosis or screening. A mammogram
reveals the anatomical features of the breast that will help detect a cancerous growth
or any abnormalities in breast tissue at an early stage, allowing early treatment to
produce an improved outcome for the patient.

Background to the Study

Breast cancer refers to the erratic growth and proliferation of cells that
originate in breast tissues (Khuwaja, 2006). It is the most frequent female cancer
and it’s responsible for most cancer induced deaths in women around the world
(WHO, 2002). During the process of development, breast tumour cells sometimes
break away and spread to other parts of the body causing further complications if
not properly managed as early as possible. In advanced stages, breast cancers are
much difficult to treat in order to achieve better outcome (IMAGINIS, 2008).
Primary prevention of breast cancer is still a distant goal thus secondary prevention
through early detection is the only feasible approach at present. Breast self-
examination, clinical breast examination and mammography have been
incorporated into different screening programmes worldwide to aid early detection
(EMRO, 2006).

Breast self-examination (BSE) is a domestic screening method performed
by the woman herself in an attempt to detect breast cancer early (Kosters &
Gatzsche, 2003). Breast self-exams helps the woman to familiarize herself with the

shape, size, and texture of her breasts. This is important because it can help her


https://en.wikipedia.org/wiki/Breast_cancer_screening
https://en.wikipedia.org/wiki/Breast_cancer

determine if what she is feeling is normal or abnormal (Krans, 2012). The method
involves the woman looking at and feeling each breast for possible lumps,
distortions or swelling. It has helped to detect tumours, cysts and other
abnormalities in the breast. However over the years and with the introduction of
modern methods of screening, a self-exam is considered to be less effective than
other techniques, such as regular mammograms. A breast self-exam is useful but
optional (Baxter, 2001).

The clinical breast examination (CBE) is an important tool in the care of
women ( Bryan & Snyder, 2013). A clinical breast examination (CBE) is a physical
exam done by a health care provider (this may be a physician, nurse practitioner or
other trained medical staff). It's often done during your regular medical check - up.
Even though it can lead to the detection of breast cancer and other breast
abnormalities, the American Cancer Society does not recommend clinical breast
examination for breast cancer screening especially because it is a subjective process
(ACS, 2016). The United States. Preventive Services Task Force feels there's not
enough scientific evidence to recommend for or against clinical breast examination
(Siu, 2016).

Mammography is an X-ray examination of the breast using tube voltage
between 25 kVp and 32 kVp to visualise fine details of breast tissue. It is a non -
invasive imaging technique for detecting calcification or soft tissue masses,
enabling detection and diagnosis of breast cancer in the early stages of the disease
(IAEA, 2005; IPEM, 2005; Masselink, 2005). It is the mainstay of all current breast

screening/diagnosis programmes. The ideal mammogram (either for diagnosis or


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bryan%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23435772
https://www.ncbi.nlm.nih.gov/pubmed/?term=Snyder%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23435772

screening) will detect a cancerous growth or any abnormalities in breast tissue at
an early stage, allowing early treatment to produce an improved outcome (Elmore,
Miglioretti, & Carney, 2003). Since the early 90’s, mammography has been the
gold standard for early detection of breast cancer. Its principal purpose is to
facilitate the detection of breast cancer at a point earlier than is possible by clinical
breast examination or breast self - examination. It has been demonstrated that
routine screening with high quality mammography is effective in reducing
mortality from breast cancer in women aged 40 — 69 years. Mammography is also
useful in refining the diagnosis of breast cancer (assessment or workup) after a
suspicious area in the breast has been detected and for localizing a lesion for therapy

(WHO, 2002; TABAR, 2003).

In order to achieve diagnosis accurately and at the earliest possible stage,
the image from mammography examination must have excellent contrast to reveal
mass densities and speculated fibrous structures radiating from them that are
characteristic of cancer. In addition, the spatial resolution must be excellent to
reveal the calcifications, their number and their shape. The imaging system must
have adequate latitude to provide this contrast and resolution over the entire breast
effectively. The geometrical characteristics of the mammography unit and the
positioning of the breast by the radiographer must be such that as much breast tissue
as possible is included in the mammogram. Finally, the noise (signal fluctuation)
of the image must be sufficiently low to reveal the subtle structures in a reliable
manner and the X-ray dose must be As Low As Reasonably Achievable (ALARA)

while being compatible with image quality requirements (IAEA, 2001).



Statement of the Problem

In Ghana, there has not been any comprehensive study aimed at optimizing
the radiological protection of patient undergoing mammography examinations
through effective quality control (QC). QC in mammography is not receiving the
needed attention — it is literally absent. There has not been any thorough work done
in the mammography centres across the nation to ascertain whether the doses being
received by the patient and the quality of images (mammograms) are within
internationally accepted limits and standards. This work will carry out this task.

Objectives of the Study

The primary objective of this work is to assess mammography installations
in the country in order to determine their performance status with respect to
optimizing procedures and patient radiation protection. There would be comparison
of results from the various facilities with international standards to ensure that

patients undergoing mammography procedures have the maximum benefit.

The specific objectives are:

a) to undertake a comprehensive radiological quality control assessment on

mammography units in the country

b) to quantitatively determine image quality over different equivalent breast

thicknesses

c) to determine the mean glandular dose delivery accuracy for the Full Field

Digital Mammography (FFDM) systems,

d) to determine the mean glandular dose using the American College of Radiology
Mammography Accreditation Phantom (ACR MAP) for the FFDM systems

4



e) to establish a national quality control baseline data for the diagnostic

mammography practice in Ghana

f) to establish Diagnostic Reference Levels (DRLs) based of Polymethyl-
methacrylate (PMMA) phantom to help optimize mammography practice in

Ghana

g) todesign a model to predict the tube voltage, tube current, mean glandular dose

(MGD) and image quality which will aid in reducing mammography re-takes.

Relevance and Justification

The risk of radiation — induced breast cancer has long been a concern in the
practice of mammography and has driven the efforts to reduce the radiation dose
per examination (NIH, 1997). In order to reduce this risk, an efficient and effective
mammography quality assurance programme must be established and implemented
throughout the country. Radiation has been shown to cause breast cancer in women,
and the risk is proportional to dose. The younger the woman at the time of exposure,
the greater her lifetime risk for breast cancer (Gordis et al, 1997).

The breast glandular tissue has tissue-weighting Factor of 0.12. This
indicates that the breast is one of the most radiosensitive organs in the body and has
a high risk of developing cancer from ionizing radiation (Blamey, Wilson, &
Patnick, 2000). For this reason optimal equipment performance and dose

management per mammogram is essential and cannot be overemphasized.

This research will enable the establishment of quality procedures for

obtaining high quality mammograms to improve mammography practices in



Ghana. The research will also provide baseline data on diagnostic mammography
practices in Ghana.

In the optimisation of protection in diagnostic radiology particularly in
mammography, there is the need for improvement of image quality whiles reducing
patient dose. Therefore, to determine how well a patient is protected there is a need
for the implementation of a total quality assurance programme with relevant quality
control procedures. With the relevant quality assurance programme in place, the
carcinogenic risk associated with mammography can be estimated to determine
whether the mammography equipment used is contributing to the increase in breast
cancer risks or not.

This work seeks to improve diagnostic outcomes in mammography whiles
reducing the dose received by patients. It is therefore important to perform an
extensive quality control assessment of all mammography installations in the
country to determine which equipment are operating within specific requirements
and those that have a potential to induce breast cancer in women at a later stage due
to low or high exposures as a result of equipment malfunction.

Scope and Limitation

The research is phantom based and will cover thirteen (13) out of nineteen
(19) existing centres undertaking diagnostic mammography procedures in the entire
country as at December 2015.

Organisation of the Study
The thesis report is presented in Five chapters. Chapter One of this thesis

report gives a general overview of the research topic. It offers a brief background,



highlights the objective of the study, the benefit of the study and the scope and
limitations of the study. Chapter Two reviews literature pertaining to the study.
These include a review of literature on the anatomy of the breast, breast cancer and
breast imaging. The chapter highlights the theory of mean glandular dose which is
the main parameter used to estimate the amount of radiation deposited in the breast.
It also introduces the theory on quantitatively image quality assessment in
mammography. Chapter Three introduces the material and methods used in the
research work to achieve the objectives set for the study. Chapter Four highlights
results and discusses the outcomes of these results. The results are presented in
graphs, tables and figures. Conclusions and relevant recommendations are

presented in Chapter Five.

Chapter Summary

In summary a brief background information of the study has been given.
The problem has been identified and objectives has been clearly setout to achieve
the desired goal. Furthermore, it explained the scope and justification for the
research and its importance in the health delivery system of Ghana. The chapter

concludes with a summary of the organization of the thesis.



CHAPTER TWO
LITERATURE REVIEW

Introduction

Mammography plays an important role in the diagnosis and treatment of a
large number of breast diseases. Imaging the breast with mammography easily
helps to locate tumour or any sign or symptom of disease within it. This chapter
reviews the anatomy of the female breast, breast cancer and its causes, staging of
breast cancer and breast cancer treatment. It will also review imaging of the breast
which will include mammography, ultrasound and magnetic resonance imaging.
The chapter concludes with review of the principle of optimization, theory on image
quality, dosimetry and diagnostic reference level (DRL).

The Female Breast

The female breast (Figure 1) is the tissue overlying the chest (pectoral)
muscles (Web MD, 2015). They are made of specialized tissue that produces milk
(glandular tissue) as well as fatty tissue. The amount of fat determines the size of
the breast. The milk-producing part of the breast is organized into 15 to 20 sections,
called lobes. Within each lobe are smaller structures, called lobules, where milk is
produced. The milk travels through a network of tiny tubes called ducts. The ducts
connect and come together into larger ducts, which eventually exit the skin in the
nipple. The dark area of skin surrounding the nipple is called the areola. Connective
tissue and ligaments provide support to the breast and give it its shape. Nerves
provide sensation to the breast. The breast also contains blood vessels, lymph

vessels, and lymph nodes (Web MD, 2015). The female Breast is also an external



symbol of beauty and womanhood (Nsiah-Akoto, Andam, Adisson, & Forson,

2011).

Figure 1: Anatomy of the female breast
(Web MD, 2015)

Breast Cancer

Breast cancer is a malignant tumour that starts in the cells of the breast.
Most breast cancers begin in the cells that line the ducts (ductal cancers). Some
begin in the cells that line the lobules (lobular cancers), while a small number start
in other tissues (ACS, 2014).

It is the second most common cancer in the world and, by far, the most
frequent cancer among women with an estimated 1.67 million new cancer cases
diagnosed in 2012 (25% of all cancers). It is the most common cancer in women

9



both in more and less developed regions with slightly more cases in less developed
(883,000 cases) than in more developed (794,000) regions. Incidence rates vary
nearly four-fold across the world regions, with rates ranging from 27 per 100,000
in Middle Africa and Eastern Asia to 96 in Western Europe. Breast cancer ranks as
the fifth cause of death from cancer overall (522,000 deaths) and while it is the
most frequent cause of cancer death in women in less developed regions (324,000
deaths, 14.3% of total), it is now the second cause of cancer death in more
developed regions (198,000 deaths, 15.4%) after lung cancer. The range in
mortality rates between world regions is less than that for incidence because of the
more favourable survival of breast cancer in (high-incidence) developed regions,
with rates ranging from 6 per 100,000 in Eastern Asia to 20 per 100,000 in Western

Africa (GLOBOCAN, 2012).

Global incidence and mortality of breast cancer is on the rise, and Ghana is
no exception. It was reported that 2,000 Ghanaian women were diagnosed with the
disease in 2012. The report indicated that, 1,000 of the figure, representing 50 per
cent of the cases died and so there was an increasing danger of complications for
women in Ghana and the whole of Africa. Breast cancer has been identified as the
second leading cause of cancer deaths in Ghana, with about 2,900 cases being
diagnosed annually and at least one of eight women with the disease dying (GNA,
2015). In Ghana also, data available from The National Centre for Radiotherapy
and Nuclear Medicine shows an increase in breast cancer treatment and
management even though there seems to be increased awareness on the disease

(Sackey & Yarney, 2009).
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Imaging of the breast with ionizing radiation like many other organs in the
human body requires highly trained personnel as well as an efficient and reliable
equipment. Without which accurate diagnosis may not be achieved and treatment
outcomes of little impact to the life of the patient. Hence in order to achieve optimal
results from breast imaging and to reduce the risk of inducing cancer, the dose
administered to the patient as part of the imaging process should be of great concern
to all because risk to cancer is approximately proportional to dose (Mole , 1978).
The “state” of the imaging equipment is of great importance. Low or high (excess)
dose to the patient apart from human factors can also be a result of equipment
malfunction. Any risk of inducing breast cancer by mammography must definitely
be smaller than the expected benefits (Berrington de Gonzalez & Reeves , 2005;
Land, 1979) . A recent survey in Ghana, shows that quite a large number of women
younger than 50 years undergo mammaography for different purposes (Boadu, Sosu,
Hasford, Nani, Sackey, Schandorf & Addison, 2012). This should be of great
concern since about half of the radiation — induced breast cancer deaths were

estimated to occur after age 50 years (Hall & Giaccia, 2012).

Causes of Breast Cancer

Researchers have so far shown no single cause of breast cancer but some
factors appear to increase the risk of developing the disease.
Many of the most important risk factors are beyond an individual’s control and they
include:
Gender

Simply being a woman is the main risk factor for developing breast cancer.
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Although women have many more breast cells than men, the main reason they
develop more breast cancer is because their breast cells are constantly exposed to
the growth-promoting effects of the female hormones estrogen and progesterone.
Men can develop breast cancer, but this disease is about 100 times more common
among women than men (ACS, 2014).
Aging

Risk of developing breast cancer increases as you get older. About 1 out of
8 invasive breast cancers are found in women younger than 45, while about 2 out
of 3 invasive breast cancers are found in women aged 55 or older (ACS, 2014).
Genetic risk factors

About 5% to 10% of breast cancer cases are thought to be hereditary,
resulting directly from gene defects (called mutations) inherited from a parent. The
most common cause of hereditary breast cancer is an inherited mutation in the
BRCAL and BRCA2 genes. In normal cells, these genes help prevent cancer by
making proteins that keep the cells from growing abnormally. If you have inherited
a mutated copy of either gene from a parent, you have a high risk of developing
breast cancer during your lifetime. Although in some families with BRCA1
mutations the lifetime risk of breast cancer is as high as 80%, on average this risk
seems to be in the range of 55 to 65%. For BRCA2 mutations the risk is lower,
around 45%. Breast cancers linked to these mutations occur more often in younger
women and more often affect both breasts than cancers not linked to these
mutations. Women with these inherited mutations also have an increased risk for

developing other cancers, particularly ovarian cancer. In the United States BRCA
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mutations are more common in Jewish people of Ashkenazi (Eastern Europe) origin
than in other racial and ethnic groups, but they can occur in anyone (ACS, 2015;
USPSTF, 20009).
Family history of breast cancer

Breast cancer risk is higher among women whose close blood relatives have
this disease. Having one first-degree relative (mother, sister, or daughter) with
breast cancer approximately doubles a woman's risk. Having two (2) first-degree
relatives increases her risk about 3-fold. The exact risk is not known, but women
with a family history of breast cancer in a father or brother also have an increased
risk of breast cancer. Altogether, less than 15% of women with breast cancer have
a family member with this disease. This means that most (over 85%) women who
get breast cancer do not have a family history of this disease (ACS, 2014).
Race and ethnicity

White women are slightly more likely to develop breast cancer than are
African-American women. African-American women are more likely to die of this
cancer. At least part of this seems to be because African-American women tend to
have more aggressive tumours, although why this is the case is not known. Asian,
Hispanic, and Native-American women have a lower risk of developing and dying
from breast cancer (ACS, 2014; USPSTF, 2009).
Dense Breast Tissue

Breasts are made up of fatty tissue, fibrous tissue, and glandular tissue.
Women with denser breast tissue (as seen on a mammogram) have more glandular

tissue and less fatty tissue, and have a higher risk of breast cancer. Women with
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dense breasts on mammogram have a risk of breast cancer that is 1.2 to 2 times that
of women with average breast density. Dense breast tissue can also make
mammograms less accurate. A number of factors can affect breast density, such as
age, menopausal status, certain medications (including menopausal hormone
therapy), pregnancy, and genetics. Unfortunately, dense breast tissue can also make
it harder for doctors to spot problems on mammograms (ACS, 2014).
Certain benign breast conditions

Women diagnosed with certain benign breast conditions may have an
increased risk of breast cancer. Some of these conditions are more closely linked to
breast cancer risk than others (ACS, 2014).
Lobular carcinoma in situ

In lobular carcinoma in situ (LCIS), Figure 2, cells that look like cancer
cells are growing in the lobules of the milk-producing glands of the breast, but they
do not grow through the wall of the lobules. LCIS (also called lobular neoplasia)
is sometimes grouped with ductal carcinoma in situ (DCIS) as a non-invasive breast
cancer, but it differs from DCIS in that it doesn’t seem to become an invasive cancer

if it isn’t treated (AJCC, 2012).
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Figure 2: Lobular carcinoma in situ
(AJCC, 2012)

Women with lobular carcinoma in situ (LCIS) have a 7- to 11-fold increased risk

of developing cancer in either breast (AJCC, 12).

Menstrual periods

Women who have had more menstrual cycles because they started
menstruating at an early age (before age 12) and/or went through menopause at a
later age (after age 55) have a slightly higher risk of breast cancer. This may be
related to a higher lifetime exposure to the hormones estrogen and progesterone

(ACS, 2014).
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Previous chest radiation

Women who, as children or young adults, had radiation therapy to the chest
area as treatment for another cancer (such as Hodgkin disease or non-Hodgkin
lymphoma) are at significantly increased risk for breast cancer. This varies with the
patient's age when they had radiation. The risk of developing breast cancer from
chest radiation is highest if the radiation was given during adolescence, when the
breasts were still developing. Radiation treatment after age 40 does not seem to
increase breast cancer risk (ACS, 2014; Michigan Medicine, 2015; MCHG, 2012).
Diethylstilbestrol exposure

From the 1940s through the 1960s some pregnant women were given the
drug diethylstilbestrol (DES) because it was thought to lower their chances of
miscarriage (losing the baby). These women have a slightly increased risk of
developing breast cancer. Women whose mothers took DES during pregnancy may
also have a slightly higher risk of breast cancer (ACS, 2014; Michigan Medicine,
2015; MCHG, 2012).
However some risk factors are lifestyle related and they include:
Having children

Women who have had no children or who had their first child after age 30
have a slightly higher breast cancer risk. Having many pregnancies and becoming
pregnant at a young age reduce breast cancer risk. Pregnancy reduces a woman's
total number of lifetime menstrual cycles, which may be the reason for this effect

(ACS, 2014; Michigan Medicine, 2015; MCHG, 2012).
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Recent oral contraceptive use

Studies have found that women using oral contraceptives (birth control
pills) have a slightly greater risk of breast cancer than women who have never used
them. This risk seems to decline back to normal over time once the pills are stopped
(ACS, 2014; Michigan Medicine, 2015; MCHG, 2012).
Hormone therapy after menopause

The increased risk from combined hormone therapy appears to apply only
to current and recent users. A woman's breast cancer risk seems to return to that
of the general population within 5 years of stopping combined treatment. Studies
have shown that using combined hormone therapy after menopause increases the
risk of getting breast cancer. It may also increase the chances of dying from breast
cancer (ACS, 2014; Michigan Medicine, 2015; MCHG, 2012).
Breast-feeding

Some studies suggest that breast-feeding may slightly lower breast cancer
risk, especially if breast-feeding is continued for 1%2 to 2 years. One explanation
for this possible effect may be that breastfeeding reduces a woman's total number
of lifetime menstrual cycles (similar to starting menstrual periods at a later age or
going through early menopause) (ACS, 2014; Michigan Medicine, 2015; MCHG,
2012).
Alcohol

The use of alcohol is clearly linked to an increased risk of developing breast
cancer. The risk increases with the amount of alcohol consumed. Compared with

non-drinkers, women who consume 1 alcoholic drink a day have a very small
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increase in risk. Those who have 2 to 5 drinks daily have about 1% times the risk
of women who don’t drink alcohol. Excessive alcohol consumption is also known
to increase the risk of developing several other types of cancer (ACS, 2014;
Michigan Medicine, 2015; MCHG, 2012).
Being overweight or obese

Being overweight or obese after menopause increases breast cancer risk.
Before menopause your ovaries produce most of your estrogen, and fat tissue
produces a small amount of estrogen. After menopause (when the ovaries stop
making estrogen), most of a woman's estrogen comes from fat tissue. Having more
fat tissue after menopause can increase your chance of getting breast cancer by
raising estrogen levels. Also, women who are overweight tend to have higher blood
insulin levels. Higher insulin levels have also been linked to some cancers,
including breast cancer. But the connection between weight and breast cancer risk
is complex. For example, the risk appears to be increased for women who gained
weight as an adult but may not be increased among those who have been overweight
since childhood. Also, excess fat in the waist area may affect risk more than the
same amount of fat in the hips and thighs. Researchers believe that fat cells in
various parts of the body have subtle differences that may explain this (ACS, 2014;
Michigan Medicine, 2015; MCHG, 2012).
Physical activity

Evidence is growing that physical activity in the form of exercise reduces
breast cancer risk. The main question is how much exercise is needed. In one study

from the Women's Health Initiative, as little as 1.25 to 2.5 hours per week of brisk
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walking reduced a woman's risk by 18%. Walking 10 hours a week reduced the risk
a little more (ACS, 2014; Michigan Medicine, 2015; MCHG, 2012).

Breast Cancer Staging

The most important function of staging is to anatomically group patients to
determine the treatment algorithm and prognosis. Accurate staging carries
substantial importance to compare the treatment results among the studies (AJCC,
2012). The classification system (tumour node metastasis [TNM]) is based on the
dissemination of cancer according to the features of the primary tumour
(localization, size, and extension to the surrounding structures), regional lymph
nodes, and the presence of metastases.

Currently, the TNM system which was formulated by Union International
Cancer Centre (UICC) and the American Joint Committee on Cancer (AJCC) is
being used worldwide (Ozsaran & Alanyali, 2013).

Breast cancer is staged according to the location of the primary tumour,
metastases, clinical or pathological evidence. A description of details of the various
types of staging of breast cancer is presented in Table 1 to Table 4 respectively.
Figures 3 and 4 present image of cancer staging by primary tumour and pathology

respectively.
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Figure 3: Cancer staging by Primary Tumour (T)
(AJCC, 2012)
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Table 1: American Joint Committee on Cancer’s staging of breast Cancer based to
Primary Tumour (T)

SYMBOL MEANING
TX Primary tumour cannot be assessed
T0 No evidence of primary tumour
Tis Carcinoma in situ

Tis (DCIS) Ductal carcinoma in situ

Tis (LCIS) Lobular carcinoma in situ

Tis (Paget’s) Paget’s disease of the nipple NOT associated with invasive
carcinoma and/or carcinoma in situ (DCIS and/or LCIS) in the
underlying breast parenchyma. Carcinomas in the breast
parenchyma associated with Paget’s disease are categorized
based on the size and characteristics of the parenchymal disease,
although the presence of Paget’s disease should still be noted

T1 Tumour < 20 mm in greatest dimension

Timi Tumour < 1 mm in greatest dimension

Tla Tumour > 1 mm but <5 mm in greatest dimension

T1b Tumour > 5 mm but < 10 mm in greatest dimension

Tlc Tumour > 10 mm but < 20 mm in greatest dimension

T2 Tumour > 20 mm but < 50 mm in greatest dimension

T3 Tumour > 50 mm in greatest dimension

T4 Tumour of any size with direct extension to the chest wall and/or

to the skin (ulceration or skin nodules)

T4a Extension to the chest wall, not including only pectoralis muscle
adherence/invasion

T4b Ulceration and/or ipsilateral satellite nodules and/or edema
(including peau d’orange) of the skin, which do not meet the
criteria for inflammatory carcinoma

T4c Both T4a and T4b

T4d Inflammatory carcinoma
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Table 1: American Joint Committee on Cancer’s tumor node Metastasis (M)
staging of breast cancer based on distant metastases

SYMBOL MEANING

MO No clinical or radiographic evidence of distant metastases

cMO(i+) No clinical or radiographic evidence of distant metastases, but
deposits of molecularly or microscopically detected tumor cells in
circulating blood, bone marrow, or other nonregional nodal tissue
that are no larger than 0.2 mm in a patient without symptoms or
signs of metastases

M1 Distant detectable metastases as determined by classic clinical and

radiographic means and/or histologically proven larger than 0.2 mm

Staging of breast cancer can also be on clinical or pathological bases.
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Figure 4: Cancer staging by Pathology

(AJCC, 2012)
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Table 2: American Joint Committee on Cancer’s tumour node staging of
breast cancer based on regional lymph nodes (clinical)

SYMBOL MEANING

NX Regional lymph nodes cannot be assessed (for example,
previously removed)

NO No regional lymph node metastases

N1 Metastases to movable ipsilateral level I, Il axillary lymph
node(s)

N2 Metastases in ipsilateral level I, 11 axillary lymph nodes that are
clinically fixed or matted; or in clinically detected ipsilateral
internal mammary nodes in the absence of clinically evident
axillary lymph node metastases

N2a Metastases in ipsilateral level I, Il axillary lymph nodes fixed to
one another (matted) or to other structures

N2b Metastases only in clinically detected ipsilateral internal
mammary nodes and in the absence of clinically evident level I,
Il axillary lymph node metastases

N3 Metastases in ipsilateral infra-clavicular (level 111 axillary)
lymph node(s) with or without level I, Il axillary lymph node
involvement; or in clinically detected ipsilateral internal
mammary lymph node(s) with clinically evident level 1, 1
axillary lymph node metastases; or metastases in ipsilateral
supraclavicular lymph node(s) with or without axillary or
internal mammary lymph node involvement

N3a Metastases in ipsilateral infra-clavicular lymph node(s)

N3b Metastases in ipsilateral internal mammary lymph node(s) and
axillary lymph node(s)

N3c Metastases in ipsilateral supraclavicular lymph node(s)
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Table 3: American Joint Committee on Cancer’s tumour node staging of breast
Cancer based on regional lymph nodes (Pathology)

SYMBOL

MEANING

PNX

pNO

pNO(i-)
pNO(i+)

pNO(mol-)
pNO(mol+)

pN1

pN1mi

pNla

pN1b

pN1c

pN2

Regional lymph nodes cannot be assessed (for example,
previously removed, or not removed for pathologic study)

No regional lymph node metastasis identified histologically
Note: Isolated tumor cell clusters (ITC) are defined as small
clusters of cells not greater than 0.2 mm, or single tumor cells,
or a cluster of fewer than 200 cells in a single histologic cross-
section. ITCs may be detected by routine histology or by
immune-histochemical (IHC) methods. Nodes containing only
ITCs are excluded from the total positive node count for
purposes of N classification but should be included in the total
number of nodes evaluated.

No regional lymph node metastases histologically, negative IHC

Malignant cells in regional lymph node(s) no greater than 0.2
mm

No regional lymph node metastases histologically, negative
molecular findings (RT-PCR)

Positive molecular findings (RT-PCR), but no regional lymph
node metastases detected by histology or IHC

Micrometastases; or metastases in 1-3 axillary lymph nodes;
and/or in internal mammary nodes with metastases detected by
sentinel lymph node biopsy but not clinically detected
Micrometastases (greater than 0.2 mm and/or more than 200
cells, but none greater than 2.0 mm)

Metastases in 1-3 axillary lymph nodes, at least one metastasis
greater than 2.0 mm

Metastases in internal mammary nodes with micrometastases or
macrometastases detected by sentinel lymph node biopsy but not
clinically detected

Metastases in 1-3 axillary lymph nodes and in internal
mammary  lymph  nodes with  micrometastases or
macrometastases detected by sentinel lymph node biopsy but not
clinically detected

Metastases in 4-9 axillary lymph nodes; or in clinically detected
internal mammary lymph nodes in the absence of axillary lymph
node metastases
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Table 4 continued

SYMBOL

MEANING

pNZ2a
pN2b

pPN3

pN3a

pN3b

pN3c

Metastases in 4-9 axillary lymph nodes (at least one tumour
deposit greater than 2.0mm)

Metastases in clinically detected internal mammary lymph nodes
in the absence of axillary lymph node metastases

Metastases in 10 or more axillary lymph nodes; or in
infraclavicular (level 111 axillary) lymph nodes; or in clinically
detected ipsilateral internal mammary lymph nodes in the
presence of one or more positive level I, Il axillary lymph nodes;
or in more than three axillary lymph nodes and in internal
mammary lymph nodes with  micrometastases or
macrometastases detected by sentinel lymph node biopsy but not
clinically detected; or in ipsilateral supraclavicular lymph nodes
Metastases in 10 or more axillary lymph nodes (at least one
tumor deposit greater than 2.0 mm); or metastases to the
infraclavicular (level 111 axillary lymph) nodes

Metastases in clinically detected ipsilateral internal mammary
lymph nodes in the presence of one or more positive axillary
lymph nodes; or in more than three axillary lymph nodes and in
internal mammary lymph nodes with micrometastases or
macrometastases detected by sentinel lymph node biopsy but not
clinically detected

Metastases in ipsilateral supraclavicular lymph nodes

(Haffty , Buchholz, & Perez, 2008)

Breast Imaging

Breast cancer is sometimes found after symptoms appear, but many women
with early breast cancer have no symptoms. Imaging tests using X-rays, magnetic
fields, sound waves, or radioactive substances to create pictures of the inside of the
body may be used to evaluate breast disease. It helps to find out whether a
suspicious area might be cancerous, to learn how far cancer may have spread, and

to help determine if treatment is working. Mammography, ultrasound and magnetic

resonance imaging are usually used to image the breast (ACS, 2014).

25



Mammography

Mammography is the process of using low - energy ionizing radiation to
examine the human breast. It is used as a diagnostic or a screening tool. The goal
of mammography is the early detection of breast cancer, typically through detection
of characteristic masses and/or micro calcifications (WIKIPEDIA, 2015). During
mammography, the breast is compressed using a dedicated X-ray unit. Parallel-
plate compression evens out the thickness of breast tissue to increase image quality
by reducing the thickness of tissue that X-rays must penetrate, decreasing the
amount of scattered radiation (scatter degrades image quality), reducing the
required radiation dose, and holding the breast still (preventing motion blur).

There are two types of mammogram studies: screening mammograms and
diagnostic mammograms. Screening mammograms are performed on a patient who
presents with no symptoms and consists of only four standard X-ray images. For
the average woman, the U.S. Preventive Services Task Force recommends (2009)
mammography every two years in women between the ages of 50 and 74 (USPSTF,
2009).

The American College of Radiology (ACR) and American Cancer Society
(ACS) recommend yearly screening mammography starting at age 40 (ACS, 2015).
The Canadian Task Force on Preventive Health Care (2012) and the European
Cancer Observatory (2011) recommend mammography every 2-3 years between
50 and 69 (CMAJ, 2011; EUCAN, 2015). In screening mammography, both head-
to-foot (craniocaudal, CC) view and angled side-view (mediolateral oblique, MLO)

images of the breast are taken (IMAGINIS, 2015). Mammography screening
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reduces breast cancer mortality by 15% for women age 39-69 years (Nelson et al.,
2009).

Diagnostic mammograms are reserved for patients with breast symptoms,
changes, or abnormal findings seen on their screening mammogram. Diagnostic
mammograms are also performed on patients with breast implants, breast
reductions, and patients with personal and/or family history of breast cancer.
Mammography was typically performed with screen-film cassettes. Diagnostic
mammography may include both CC and MLO (Figure 5) and/or other views,
including geometrically magnified and spot-compressed (magnification

mammography) views of the particular area of concern (IMAGINIS, 2015).

MLO

Figure 5: Illustration of mammography projection views CC & MLO
(IAEA, 2014)
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Screen Film mammography

Screen-film/Conventional mammography was invented in 1969 (Haus,
2001). The formation of the X-ray image on the film process includes the X-ray
beam emerging from the patient being converted into a pattern of visible light by
the cassette’s intensifying screen, and the visible image is then captured
permanently on the film. Upon chemical development of the film with a Processor,
the emulsion that contains the latent X-ray image is converted into specks of
metallic silver. The screen and film are arranged such that the X-rays pass through
the cover of the cassette and the film to impinge upon the screen. Absorption is
exponential, so that a larger fraction of the X-rays are absorbed and converted to
light near the entrance surface of the screen. The screens are often constructed with
rare earth phosphors such as gadolinium oxysulfide (Gd20.S). Films have
significant disadvantages and limitations which include the lack of ability to detect
small differences in contrast, the poorly exposed nature of images due to the film’s
stringent requirements for proper exposure which leads to repeated exposures,
reduced visibility of microcalcifications, increase in the examination time due to
the chemical processing of film, films require large storage space in patient health
records, and films must be transported physically to the physician for viewing
(Haus, 2001; Sabel, 1996; Yaffe et al., 2009)
Digital mammography

Digital mammography was introduced in early 2000 (Haus, 2001). In digital
mammography X-rays are used to produce images of the breast, but unlike the
screen-film system, there are specially designed digital detectors that converts the
X-rays to digital images and they are stored directly in a computer. In digital
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mammography, image acquisition, processing, display and storage are performed
independently, allowing optimization of each. There are currently two types of
digital mammography systems: computed radiography (CR) which uses indirect
digital detectors, and digital radiography (DR) which uses direct digital detectors.
With a CR system, the X-rays transmitted through the breast are absorbed by the
CR imaging plate, a Photostimulable storage phosphor (PSP) plate. Absorbed X-
ray energy corresponding to anatomical variations in the breast produces an
electronic latent image on the PSP. The cassette is then removed from the
mammography system and placed in a CR reader with a scanning laser beam that
stimulates the release of light corresponding to the incident X-ray intensity. The
light information is captured, converted to a digital signal, and displayed at the
workstation. However, with the DR system, the X-ray signal is directly converted
to a digital signal at the acquisition stand. No cassette is used. The image is
displayed at the workstation shortly after it is acquired (Lanca & Silva, 2013).
Digital mammography systems offer a number of practical advantages and patient
conveniences over conventional systems. Digital images are immediately available,
therefore there is no waiting time, quality of the images can be evaluated as they
are being taken, digital systems are fast, so patients spend less time in
uncomfortable positions, also, contrast of images can be adjusted and sections of
an image can be magnified after the mammogram is complete making it easier to
see subtle differences between tissues. Digital images can easily be stored and

retrieved and their transmission from one physician to another is quick and easy,
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multiple copies can easily be printed with the digital system (Chevalier, Leyton,
Tavares, Oliveira, Silva & Peixoto 2012).
Components of a mammography X-ray equipment

The mammography unit consists of an X-ray tube and an image receptor
mounted on opposite sides of a mechanical assembly. Because the breast must be
imaged from different aspects, the assembly can be rotated about a horizontal axis,
as shown in Figure 6. Unlike most general radiography equipment, which is
designed such that the image field is centred below the X-ray source, in
mammography, the system’s geometry is arranged as in Figure 7(a). Here, a vertical
line from the focal spot of the X-ray source grazes the chest wall of the patient and
intersects orthogonally with the edge of the image receptor closest to the patient. If
the X-ray beam were centred over the breast as in Figure 7(b), some of the tissue
near the chest wall would not be imaged. Radiation leaving the X-ray tube passes
through a metallic spectral shaping filter, a beam defining aperture and a plastic
plate, which compresses the breast on to the breast support platform. Those X-ray
transmitted through the breast and breast support are incident on a specially
designed anti-scatter grid, and then are incident on the image receptor, where they
interact and deposit most of their energy locally. Other components of the

equipment are the compression plate and breast support.
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Figure 6: Schematic of a mammography imaging system
(IAEA, 2014)
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Figure 7: System geometry for image acquisition showing (a) correct alignment
and (b) missed tissue associated with incorrect alignment
(IAEA, 2014)
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X-ray Tube

In mammography, the X-ray tube is usually operated at a kilovoltage of 25
to 32 kVp with molybdenum and rhodium as target materials in the anode. Both
molybdenum and rhodium are used as target materials in the anode because they
produce characteristic X-ray radiation at optimal energy levels. (Bick & Diekmann,
2010). In mammography, the X-ray tube is arranged such that the cathode side of
the tube is adjacent to the patient’s chest wall (anode heel effect), this is because
the highest intensity of X-rays is available at the cathode side and the attenuation
of X-rays by the patient is generally greater near the chest wall (Dance,
Christofides, Maidment, McLean & Ng, 2014).

Compression Plate

Compression (which has to be firm) causes the various breast tissues to be
spread out, minimizing superposition from different planes and thereby improving
the conspicuity of structures. This effect may be accentuated by the fact that
different tissues (fatty, fibroglandular and cancerous) have different elasticities,
resulting in the various tissues being spread out by different amounts and
potentially making a cancer easier to see. Compression decreases the ratio of
scattered to directly transmitted radiation reaching the image receptor. It also
decreases the distance from any plane within the breast to the image receptor, and
in this way reduces geometric unsharpness. The compressed breast provides lower
overall attenuation to the incident X-ray beam, allowing the radiation dose to be
reduced. The compressed breast also provides more uniform attenuation over the
image which reduces the exposure range that must be recorded by the imaging
system. It also provides a clamping action, which reduces anatomical motion during
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the exposure, thereby reducing this source of image unsharpness. It is important
that the breast be compressed as uniformly as possible and that the edge of the
compression plate at the chest wall be straight and aligned with both the focal spot
and image receptor to maximize the amount of breast tissue that is included in the
image. The mechanical properties of the breast are non-linear; after a certain
reduction in thickness, application of additional pressure provides little benefit in
terms of improved image quality (Saunders & Samei, 2008). An important
disadvantage of compression is the pain and discomfort that women experience
during and after the examination (Broeders, Veldkamp, Engen, Landsveld —
Verhoeven, Jong — Gunneman, Win, Kitty, Greve, Paap & Heeten, 2015).
Filters

Filters are placed in the path of the X-ray beam in order to absorb those X-
rays with energies above and below the desired spectrum. Filters lower the amount
of radiation dose the patient receives. Filters shortens the exposure time giving the
patient only the radiation doses needed to obtain a good quality radiography. Filters
ensure that less scatter radiations are produced and the X-ray beam is able to
penetrate the breast leading to good quality images (Barnes & Ho, 2016)
Grids

Scattered radiation reduces contrast in mammography images. Reducing the
effects of scattered radiation has been achieved through the use of scatter absorbing
grids. In the absence of this anti-scatter device, 37-50% of the total radiation
incident on the image receptor would have experienced a scattering interaction

within the breast. According to ACR (1999), the scatter-to-primary ratio (SPR) will
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range from 0.3 to 1.2, depending upon the breast size. In addition to contrast
reduction, the recording of scattered radiation reduces the useful dynamic range of
the image receptor and adds stochastic noise to the image. When a grid is used, the
SPRis typically reduced by a factor of about 5, leading in most cases to a substantial
improvement in image contrast (Dance et al., 2014).

Automatic Exposure Control (AEC)

AEC, also known as phototiming, is designed to automatically provide the
radiation exposure needed to produce a mammogram with an acceptable and
consistent optical density (Huda, Sajewicz, Ogden, and Dance, 2003). For screen
film (SF) mammography and for cassette based digital systems, the AEC radiation
sensor(s) is/are located behind the image receptor to avoid casting a shadow on the
image. The sensors measure the X-ray fluence transmitted through both the breast
and the image receptor and provide a signal to discontinue the exposure when a
preset amount of radiation has been received by the image receptor. The location
of the sensor is adjustable so that it can be placed behind the appropriate region of
the breast to obtain proper exposure. With DR equipment, AEC is generally
microprocessor based, so that relatively sophisticated corrections can be made
during the exposure to achieve the same effect as in the SF system (Yaffe, 2006).
Magnification

Magnification mammography is often used intentionally to improve the
diagnostic quality of the image. This is accomplished by elevating the breast above
the image receptor, in effect reducing the focus to object distance and increasing

the distance from the object to the image receptor. Magnification mammography
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ensures increased SNR, improved spatial resolution and dose efficient scatter
rejection. Magnification causes structures to appear larger when projected on to the
image receptor, thereby increasing the effective modulation transfer function
(MTF) of the receptor with respect to structures within the breast. In screen film
mammography, the limiting resolution of the image receptor is already quite high
and is rarely a limiting factor. The increase in focal spot unsharpness that occurs as
a result of magnification, even with a small focal spot, typically offsets any
improvement in the MTF of the image receptor. The main benefit of magnification
is to increase the size of the projected anatomical structures compared with the
granularity of the image, thereby improving the SNR in the image. This
improvement can be valuable, particularly for the visualization of fine
calcifications and spiculations. In digital mammography, where the film grain noise
has been eliminated, but where the limiting spatial resolution of the detector is
lower than that provided by the screen film image receptor, the benefits of
magnification may be different in nature. In this case, the increase in projected size
of anatomical features does improve the effective resolution of the detector, which
in some cases is a limiting factor. However, by moving the breast closer to the X-
ray source in magnification mammography, the dose to breast tissue increases

compared with that in contact mammography (IAEA, 2014).
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Source-to-image distance

This is the entire distance of the X-ray beam from the focal spot (source) to
the image receptor, the greater the distance, the lesser the occurrence of geometric
blurring. This affects the focal spot size, which in turn affects the size of the object
being imaged. The larger the SID the larger the field size. With a larger source to
image distance “65cm”, more beam penetrability is required, which in turn
increases the heel effect (Yaffe, Barnes, Conway, Haus, Karellas, Kimme-Smith,
Lin, Mawdsley, Rauch, Rothenberg, 1990).
Breast support/bucky

It is the platform which supports the breast during compression. For screen
film (SF) mammography and for cassette based digital systems it serves as a
cassette holder.
Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a diagnostic examination that uses a
combination of a large magnet, radio waves and a computer to produce detailed
images of organs and structures within the body. The magnetic field, along with
radio waves, alters the hydrogen atoms' natural alignment in the body. Computers
are then used to form a two-dimensional (2D) image of a body structure or organ
based on the activity of the hydrogen atoms. Cross-sectional views can be obtained
to reveal further details. MRI does not use radiation.

During the proceedure, a magnetic field is created and pulses of radio waves
are sent from a scanner. The radio waves knock the nuclei of the atoms in your

body out of their normal position. As the nuclei realign into proper position, they
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send out radio signals. These signals are received by a computer that analyzes and
converts them into an image of the part of the body being examined. This image
appears on a viewing monitor. For a breast MRI, the woman usually lies face down,
with her breasts positioned through openings in the table.

A breast MRI usually requires the use of contrast that is injected into a vein
in the arm before or during the procedure. The dye helps create clearer images that

outline abnormalities more easily.

MRI, used with mammography and breast ultrasound, can be a useful
diagnostic tool. Recent research has found that MRI can locate some small breast
lesions sometimes missed by mammography. It can also help detect breast cancer
in women with breast implants and in younger women who tend to have dense
breast tissue in which mammography may not be as effective. Since MRIs do not
use radiation, they may be used to screen women younger than 40 and to increase

the number of screenings per year for women at high risk for breast cancer.

Although it has distinct advantages over mammography, breast MRI also
has potential limitations. For example, it is not always able to distinguish the
difference between cancerous abnormalities, which may lead to unnecessary breast
biopsies. This is often referred to as a "false positive" test result. Recent research
has demonstrated that using commercially available software programs to enhance
breast MRI scans can reduce the number of false positive results with malignant
tumours. Thus, the need for biopsies may decrease with computer-aided

enhancement.
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Another disadvantage of breast MRI is that it has historically been unable
to identify calcifications or tiny calcium deposits that can indicate breast cancer
(John Hopkins Medicine, 2015).

Ultrasound

Ultrasound, also known as sonography, uses sound waves to outline a part
of the body. For this test, a small, microphone-like instrument called a transducer
is placed on the skin (which is often first lubricated with ultrasound gel). It emits
sound waves and picks up the echoes as they bounce off body tissues. The echoes
are converted by a computer into a black and white image that is displayed on a
computer screen. This test is painless and does not expose you to radiation.
Ultrasound has become a valuable tool to use along with mammography because it
is widely available and less expensive than other options, such as MRI. Usually,
breast ultrasound is used to target a specific area of concern found on the
mammogram. Ultrasound helps distinguish between cysts (fluid-filled sacs) and
solid masses and sometimes can help tell the difference between benign and
cancerous tumours. In someone with a breast tumour, it can also be used to look for
enlarged lymph nodes under the arm. The use of ultrasound instead of
mammograms for breast cancer screening is not recommended. However, clinical
trials are now looking at the benefits and risks of adding breast ultrasound to
screening mammograms in women with dense breasts and a higher risk of breast

cancer (ACS, 2014).
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Comparison of Imaging Techniques

Consideration for imaging of the breast is always dependent on the radiation
to be used and the breast density. From studies, exposure to ionizing radiation at a
younger age has a higher risk of inducing cancer because the breast is highly
sensitive to radiation (Hendrick, 2010. ). Younger women are more likely to have
dense breast than older women. Mammography has relatively lower sensitivity in
breast tissue that is dense or heterogeneously dense, especially in younger women.
Ultrasound is not significantly affected by breast density (Kolb, Lichy, &
Newhouse, 2002). With increasing Breast Imaging Reporting and Data Systems
(BIRADS) destiny classifications, sensitivity of mammography decreases from
100% to 47%. Sensitivity of Ultrasound remains in the range of 80% - 88% at all
densities (Berg et al., 2004). Data from five different studies to compare the
sensitivities of Mammography and Ultrasound breast imaging modalities in
women, shows that in younger women the sensitivity of ultrasound is significantly
(10% — 23%) greater than that of mammography. The sensitivity of ultrasound is
very high (> 92%) in women under age 40. Specificity of ultrasound in women less
than 30 years is 80.50%. It was recommended that for mammography routine
screening be conducted in women over 40 years and diagnostic imaging in
symptomatic women age 30 years and older. Ultrasound should be used in
diagnostic imaging in symptomatic women under age 30 years. Screening MRI is
recommended for women with an approximately 20-25% or greater lifetime risk
of breast cancer, including women with a strong family history of breast or ovarian

cancer and women who were treated for Hodgkin disease. MRI has the highest

39



sensitivity and lower specificity and can be used in pre-surgical planning (Parikh,
2007; Saslow et al., 2007).
Breast Cancer Treatment

The main types of treatment for breast cancer are: Surgery, Radiation
therapy, Chemotherapy, Hormone therapy, Biological therapy (targeted therapy)
and Bone - directed therapy. One or a combination of methods may be used for
treatment. The type or combination of treatments you have will depend on how the
cancer was diagnosed and the stage it's at. Breast cancer diagnosed at screening
may be at an early stage, but breast cancer diagnosed when you have symptoms
may be at a later stage and require a different treatment (ACS, 2014; NHS, 2016).
Optimisation of Patient Dose

In diagnostic radiology, patient protection is governed by three (3) basic
principles as recommended by the International Commission of Radiological
Protection (ICRP): justification of practice, optimisation of protection and
diagnostic reference levels. Justification, being the first step in radiological
protection, is to ensure that medical exposure is justifiable with a valid clinical
indication, no matter how good the imaging performance may be. Every
examination must result in a net benefit for the patient. And once a diagnostic
examination has been clinically justified, the radiological protection of the patient
must be optimised, which means that the doses should be as low as reasonably
achievable, consistent with obtaining the appropriate image quality (IAEA, 2002).

In the area of optimization in diagnostic radiology there is considerable

scope for reducing doses without loss of diagnostic information, but the extent to
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which the measures available are used varies widely. The optimization of protection
in diagnostic radiology does not necessarily mean the reduction of doses to the
patient — it is paramount that the image obtained contains the diagnostic
information as intended (IAEA, 2004). Dedicated high sensitivity, high resolution
mammography screen film combinations or equivalent digital imaging systems
need to be used to produce the image quality required at a low dose (IAEA, 2006).
Therefore to determine how well a patient is protected, calls for the implementation
of a total quality assurance programme with relevant quality control procedures.
With the relevant quality assurance programme in place, the carcinogenic risk
associated with mammography can be estimated to determine whether the
mammography equipment used is contributing to the increase in breast cancer risks
or not.
Theory on Image Quality

Image quality assessment is very crucial for the optimisation process
(Sandborg, Tingberg, Ullman, Dance & Carlsson, 2006). The quality of the images
depends critically on the design and performance of the X-ray unit and image
receptor, and on how that equipment is used to acquire and process the
mammogram (Yaffe et al, 2009). One way of describing the overall system
performance of the system in terms of image quality is to use a contrast-detail (CD)
phantom (de Paredes, Fatouros, Thunberg, Cousins, Wilson and Sedgwick, 1998).
The phantom can be made of PMMA. Human observers are subjective, can get tired
and have limited time hence methods for objective and quantitative computer-

assisted evaluation have been developed (Young, Alsager, Oduko, Bosmans,
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Verbrugge, Geertse and Engen 2008a). A problem with CD phantoms is their
homogeneous background. According to the Rose model (Rose, 1948), the contrast
must increase when the diameter decreases for a CD object to be visible. This is
normally found in practice with phantoms of homogeneous background. However,
in observer performance studies of lesion detection in an anatomical background it
has been shown (Burgess, Jacobson & Judy 2001) that this is not valid for structures
with an extension of about 1 mm or larger. Instead, larger objects may be more
difficult to see than smaller due to the anatomical background. It is likely that this
applies to detection of masses (i.e. tumours) in mammograms, a detection task for
which the anatomical background dominates (Ruschin, Timberg, Svahn,
Andersson, Hemdal, Mattsson, Bath & Tingberg, 2007). A conclusion drawn from
literature is that CD phantoms with a homogeneous background are questionable
as tools for optimisation (Mansson, Bath & Mattsson, 2005). However, their use as
a tool for image quality control on a regular basis is well justified (EC, 2006;
Young, Alsager, Oduko & Gundogdu 2008b). It has been shown (Young et al.
2008a) that evaluation with computer aid can be made both efficiently and with
results comparable to those from human observers.
Rose Model

The “Rose Model” seeks to establish the relationship between the number
of image quanta deposited and the amount of detail embodied. The Model
established the fact that image quality is ultimately limited by the statistical nature

of image quanta. It describes the signal-to-noise ratio (SNR) for the detection of a

uniform object of area A in a uniform background having a mean q; quanta per
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unit area. If g, is the mean number of quanta per unit area in the region of the

object, the resulting contrast can be written as

c= @) (1)

qp
Rose defined signal to be the incremental change in the number of image quanta
due to the object, A(q, — 4, ), and noise to be the standard deviation in the

number of quanta in an equal area of uniform background, ob. For the special case

of uncorrelated background quanta, noise is described by Poisson statistics and
ob = \/Aq, (2)

so that the Rose SNR, SNRRose, is given by

A@, — 4,)

VAT,

Rose showed that SNRrose must have a value of approximately five or greater for

SNRgpse = 3)

reliable detection of an object (Rose, 1953; Cunningham & Shaw, 1999).

Theory of Breast Dosimetry

The estimation of the absorbed dose to the breast is an important part of the
quality control of the mammographic examination because there is a small but
significant risk of radiation induced carcinogenesis associated with it (Dance, 1990;
ICRP, 1991). Knowledge of breast dose is essential for the design and performance
assessment of the mammographic imaging systems. It also helps to optimise both
equipment and technique so that the desired image quality is obtained at the lowest

possible dose (IPSM, 1994).
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Breast dose can be estimated on the basis of measurements on patients or phantoms.
Phantoms measurements are well suited to quality control and inter-system
comparison. It can form the basis for dose — surveys (Law, 1995). The quantity
mostly used in determining the amount of radiation deposited in the breast is the
mean glandular dose (MDG). It is defined as the average dose to the glandular tissue
of the breast and it is the most appropriate dosimetric quantity used to predict the

risk of carcinogenesis (Hogg, Kelly & Mercer, 2015).

Because it is difficult to measure the mean glandular dose to the breast
directly and it is usual to employ conversion factors which relate the incident air
kerma to this dose, such factors have been measured by some authors (Hammerstein
etal., 1979, Stanton et al., 1984) and have been calculated by others using Monte
Carlo techniques (Dance 1980, Rosenstein et al., 1985) for the conventional X-ray
spectra used in screen/film or Xero-mammography. No factors are presently
available for the spectra from a tungsten target filtered with K-edge filters which
are sometimes used in screen film mammography (Beaman et al., 1983, Sabel et
al., 1986). The most comprehensive of the existing tabulation of factors are those
of Stanton et al (also given in NCRP 85, 1986) and (Rosenstein et al., 1985).The
tables of Stanton et al have some data missing for compressed breast thicknesses
of 3cm, 7 cm and 8 cm. They are based on the integration of depth-dose curves and
do not account for variation of the dose laterally within the breast. The tables
provide data for a range of breast shapes but factors for firm compression are only
given for a thickness of 6 cm (Rosenstein et al). Breast dose varies widely with

breast composition and thickness as well as the choice of imaging equipment and
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radiographic technique. To facilitate a comparison of variations due to the imaging
system alone, the IPSM (1989) has developed a protocol for estimating the dose to
a 4.5 cm thick standard breast from measurements using a Perspex phantom, and
appropriate conversion factors. This paper describes the Monte Carlo calculation
of these conversion factors for a wide range of X-ray spectra including K-edge
filtered spectra from both molybdenum and tungsten targets. For comparison
purposes, and in order to supplement the existing tabulations, the incident air kerma
to mean glandular dose conversion factor has also been evaluated for breast
thicknesses in the range 2 cm - 8 cm (Stanton et al., & Rosenstein et al.,)

Perspex is a cheap and convenient material for constructing breast phantoms
and the Monte Carlo program has also been used to calculate equivalent thicknesses
of Perspex and breast tissue which will be of value in the practical assessment of
the performance of breast imaging systems for different breast sizes (Dance,
Skinner, Young, Beckett & Kotre, 2000).

According to Dance (1990), mean glandular breast dose, is calculated using

MGD =K.g 4)

where K is the incident air kerma at the upper surface of the breast, measured
without backscatter, and g is the incident air kerma to mean glandular dose
conversion factor (g - factor). As noted earlier, the tabulated g - factors correspond

to a glandularity of 50%. It is proposed that equation (4) is now extended to

MGD =K.g.c.s 5)
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where the factor g is unchanged, the factor ¢ corrects for any difference in breast
composition from 50% glandularity and the factor s corrects for any difference from

the original tabulation by Dance (1990) due to the use of a different X-ray spectrum.

The conversion factors g and ¢ were determined by interpolation using equation 6

from look up tables (Dance et al., 2000, 2009 & 2011).

(X;— X1)(Y3—Yq)
(X3— X1)

Y, = + Y (6)

where X1, X2, X3, Y1, Y3 are all known parameters and Y2 is the unknown being
determined.
Diagnostic Reference Level (DRL)

A diagnostic reference level (DRL) is a dose level for a typical X-ray
examination of a group of patients with standard body sizes and for broadly defined
types of equipment. These levels are expected not to be exceeded for standard
procedures when good and normal practice regarding diagnostic and technical
performance is applied. They assist in the optimisation of the medical exposure in
a certain region as it allows detecting unnecessarily high doses to the patient. DRLs
have already proved useful as a tool in support of dose audit and practice review
for promoting improvements in patient protection (MED, 1997; RPoP, 2013; ICRP,
2001).

DRLs were first successfully implemented in relation to conventional radiography
in the 1980s and subsequently developed for other modalities in the 1990s (RPoP,

2013).
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At present, in mammography practice, it is assumed that the glandular tissue
is vulnerable to radiation induced cancer, whereas fatty tissue and skin tissue are
less critical. It is proposed that the mean X-ray dose to the glandular tissue (MGD)
is the most appropriate dosimetric quantity to predict the risk of carcinogenesis
(RPoP, 2013; IPEM, 2004).

Ideally, MGD that is representative of patients should be used for the
establishment of DRLs however measurements on phantoms are valid and provide
a good estimate of the mean patient dose (Sams, Bosmans, Xiao, Carton, Marshall,
Young & Marchal, 2004).

Chapter Summary

In summary, a review of the literature on the female breast and breast cancer
(causes and staging of disease) were done. Furthermore the various types of breast
imaging and the advantages and disadvantages of each modality were also
reviewed. The concept of optimization was also introduced in this chapter. The final
review was on the theory of image quality, breast dosimetry and Diagnostic

Reference Levels.
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CHAPTER THREE
MATERIALS AND METHODS

Introduction

This chapter provides information on the materials and methodology that
was used to measure and analyse the data. It describes the “ImageJ”, “Ocean 2014”
and Minitab softwares that were used to achieve the objectives of the study. The
chapter concludes with description of the systematic procedures that were followed
to arrive at the modelled equations.
Materials

The materials that were used for the research include mammography
equipment, semi-circle polymethylmethacrylate (PMMA) plates, Piranha quality
control kit, American College of Radiology mammography accreditation phantom
(ACR MAP), towel, bathroom scale, meter rule, lawn tennis ball and Styrofoam,
Ocean 2014 software, “Imagel” software, Minitab software and ArcGIS software.
Mammography equipment

A total of thirteen (13) mammography centres (A — M) with digital
mammography systems agreed to participate in this study. Four (4) were located in
public/government hospitals, two (2) in private hospitals and seven (7) in private
diagnostic imaging centres throughout the Ghana. The four (4) in the public hospital
were full-field digital mammography (FFDM) systems whiles the remaining nine
(9) were computed radiology (CR) systems. Table 5 to Table 7 gives details of the

mammography systems that were used.
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Table 5: Specification of mammography systems A to C

MAMMOGRAPHY A B C
SYSTEMS
Type of system CR CR CR
X-ray Unit Manufacturer / Planmed / Philips / 2009 General
Year 2009 Electric /
2010
Year Installed 2011 2015 2012
Model Nuance MammoDiagnost AR Alpha RT
Classic
Mode of operation Both AEC  Both AEC and Manual  Both AEC
and Manual and
Manual
SID (mm) 650 650 600
Applied Anodeffilter type Mo/Rh Mo/Rh Mo/Rh
kVp range 20-35 20-35 23-35
mMAS range 10 - 450 1-640 4 - 450
Table 6: Specification of mammography systems D to F
MAMMOGRAPHY D E F
SYSTEMS
Type of system CR CR CR
X-ray Unit Manufacturer / General General Electric / 2013 Varian
Year Electric / Medical
2003 Systems /
2005
Year Installed 2009 2014 2016
Model Senographe Alpha RT GE
700T Diamond
Mode of operation Both AEC AEC only Manual
and Manual only
SID (mm) 660 600 660
Applied Anode/filter type Mo/Mo Mo/Rh Mo/Mo
kVp range 22 -35 23-35 20 -39
MAS range 4 - 600 4 - 450 4 — 350
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Table 7: Specification of mammography systems G to M

MAMMOGRAPHY G H I PUBLIC
SYSTEMS HOSPITALS
Type of system CR CR CR FFDM
X-ray Unit BEMEMS  Hologic / Siemens / DRGEM
Manufacturer / Year /2014 2005 2003 Corporation /
2011
Year Installed 2014 2011 & 2010 J 2015
2016 K 2012
L 2016
M 2012
Model Pinkview— LORAD  Mammomat Fujifilm —
AT M-IV 3000 Nova AMULET F
Mode of operation AEC only Manual Manual only AEC only
only
SID (mm) 660 650 650 650
Applied  Anode/filter Mo/Mo Mo/Rh Mo/Rh W/Rh
type
kVp range 20-35 20-35 23-35 23-35
MAS range 4 -350 3-400 2-400 2-600
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The location of the nineteen (19) available mammography systems in the
country and the Centres that participated in the study is presented in Figure 8.

Alphabet ‘P’ in the map represents the number of facilities present in that region of

Ghana that participated in the study.
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Figure 8: Mammography map of Ghana as at December 2015
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Polymethyl methacrylate (PMMA) slabs

Polymethyl methacrylate (PMMA), also known as acrylic glass or Perspex
is a transparent thermoplastic often used in sheet or slab form. PMMA is a human
tissue equivalent material and is one of the mostly used phantoms for studying
breast dosimetry in mammography because it has a good repeatability. It is a strong
and lightweight material having a density of 1.17-1.20 g/cm® (Meyers, 1995;
DATA TABLE, 2016; Boulet, Gerardin, Acem, Parent, Collin, Pizzo & Porterie,
2014). It does not melt or char. Figure 9 shows a single semi — circular PMMA slab.
A total of nine (9) slabs were used. Seven (7) were 10 mm thick whiles two (2)
were 5 mm thick. These slabs were combined to get the different desired

thicknesses.

Figure 9: A single slab of Polymethylmethacrylate

Piranha Quality Control Meter

The Piranha is a solid state detector which can measure all the required
parameters such as tube voltage (kVp), milliampere second (mAs), exposure
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(mGy), exposure rate (MGy/s), exposure time (s), total filtration and half value layer
(HVL). When an external probe is connected, it can measure dose and dose rate. It
finds use in diagnostic radiology specifically in conventional X-ray, fluoroscopy,
mammography, dental and computed tomography (CT) ranges. The Piranha system
version 5.5C was used in this study. The system has the ability to generate a tube
voltage waveform and a dose rate waveform.

The Piranha is designed for fast set-up and use, to enhance productivity and
reduce errors particularly during repetitive X-ray system output measurement and
analysis routines. All measurements were displayed immediately after exposure

(RTI, 2014). Figure 10 shows the Piranha system that was used for this study.

Figure 10: Piranha Quality Control Meter
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Styrofoam

Styrofoam is a closed-cell extruded polystyrene foam currently made
for thermal insulation and craft applications. Styrofoam is composed of 98% air,
making it lightweight and buoyant. It finds its application in medical practice as a
‘spacer’ during quality control measurements in diagnostic radiology and
radiotherapy (Wikipedia, 2016). Figure 11 shows Styrofoam boards that were used

as spacers.

il

Figure 11: Styrofoam boards
(WIKIPEDIA, 2016)

American College of Radiology Mammography Accreditation Phantom
(ACR MAP)

The Mammography Accreditation Phantom is made up of a wax block
containing 16 various sets of test objects, a 3.3 cm (1.3 in.) thick acrylic base, a tray
for placement of the wax block, and a 0.3 cm (0.12 in.) thick cover. It is used to

simulate X-ray attenuation of 4.2 cm compressed human breast composed of 50%
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adipose and 50% glandular tissue. Five (5) groups of simulated micro-
calcifications, six (6) different size nylon fibers simulate fibrous structures, and five
(5) different size tumour - like masses are included in the wax insert (MAP, 1997).

Figure 12 shows ACR MAP that was used in the study.

Figure 12: American College Radiology Mammography
Accreditation Phantom (ACR MAP)

Ocean 2014 software

The Piranha quality control Meter is connected to a laptop or tablet via the
“Ocean 2014” software. It’s a powerful software with diverse applications and
abilities. Ocean 2014 allows one to set up templates to automate X-ray equipment
testing, analyze the test data and store the data, waveforms and analyze the results
by selecting appropriate icon on the software interface. It has a special ‘Quick

Check’ feature which is launched automatically when “Ocean 2014” starts and the
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Piranha Meter is detected. The software automatically recognizes what type of
Meter being used. It is full plug-and-play system. One can manually save data, print
or export measured data to Excel (Ocean 2014 Manual, 2015). Figure 13 shows the

interface of the Ocean 2014 software.
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Figure 13: Interface of Ocean 2014 Software

ImageJ software

“ImageJ” is a public domain Java image processing program created by the
National Institute of Health, United States of America that performs image quality
assessment quantitatively. It can display, edit, analyze, process, save and print 8-
bit, 16-bit and 32-bit images. It can read many image formats including Tag Image
File Format (TIFF), Graphical Interchange Format (GIF), Joint Photographic
Experts Group (JPEG), Bitmap (BMP), Digital Imaging and Communication in
Medicine (DICOM) and Flexible Image Transport System (FITS) formats. It can
calculate area and pixel value statistics of user-defined selections. It can measure

distances and angles and can create density histograms and line profile plots. It
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supports standard image processing functions such as contrast manipulation,
sharpening, smoothing, edge detection and median filtering. It does geometric
transformations such as scaling, rotation and flips (Rasband, 2012). Figure 14

shows the interface of the “ImageJ” version1.50i that was used for the study.
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Figure 14: Interface of ImageJ Software

MINITAB Application software

Minitab is a statistical package that provides a broad range of basic and
advanced data analysis techniques. It includes regression techniques (general and
logistic), analysis of variance, experimental design, control charts and quality tools,
survival analysis, multivariate analyses (principal components, cluster and
discriminant), time series, descriptive and non-parametric statistics, exploratory

data analysis, power and sample-size calculations (MINITAB, 2017).

The major regression analysis of the Minitab software was used to produce
a statistical modelled relationship between the compressed breast thickness (CBT),
tube voltage (kVp), tube current (mAs), mean glandular dose and image quality

(SNR).
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ArcGIS Software

ArcGIS is a geographic information system (GIS) software for working
with maps and geographic information. It is used for creating and using maps,
compiling geographic data, analyzing mapped information, sharing and discovering
geographic information, using maps and geographic information in a range of
applications, and managing geographic information in a database. The system
provides an infrastructure for making maps and geographic information available
across an organization, community and country (ArcGIS, 2017).
This software was used to draw the mammography map of Ghana.
Methodology

The main reason for undertaking the quality control assessment was to
ensure optimal operation of the mammography systems and safety of both patients
and operators. Quality control assessment performed on all thirteen (13)
mammography systems were unit assembly evaluation, X-ray tube performance
test which included tube voltage accuracy and repeatability, output repeatability
and linearity, half value layer, short term automatic exposure control (AEC). The
Breast Compression system was assessed by evaluating the Compression force,
thickness and alignment. Quantitative Image quality and dosimetry at different
thicknesses were also determined.
Unit assembly evaluation

The mammography system contains many mechanical components. These
are subject to wear or degradation over time, resulting in possible safety or

performance problems. Therefore, they must be checked on a regular basis. The test
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was performed to ensure that all locks, detents, angulation indicators and
mechanical support devices for the X-ray tube and breast support assembly are
operating properly, and that the Digital Imaging and Communications in Medicine”
(DICOM) system file headers are correctly populated. The test was conducted in
reference to the International Atomic Energy Agency, Human Health Series 2 and
17 (IAEA |, 2009; IAEA, 2011). The list of tests undertaken are presented in
Appendix A. The results from the evaluation is presented in Table 8 to Table 11.
Results are given in terms of compliance/pass (YES represented by Y), failure to
comply/fail (NO represented by N) and test non-applicable to system represented
by N/A.
X-ray Tube Performance Test
Tube voltage accuracy and repeatability

The test was performed to verify the accuracy and repeatability of the tube
voltage at fixed kVp and over a range of clinically applicable tube voltages. The
test was conducted in reference to the International Atomic Energy Agency, Human
Health Series 2 (IAEA, 2009). A tube voltage of 28 kVp was selected on the
console. The Piranha was placed centrally in the radiation field on the breast
support and compressed. In manual mode (without AEC), five (5) exposures were
carried out with 40 mAs. The measured tube voltage values were recorded onto a
data collection sheet which was prepared using Microsoft Excel. Mean and standard
deviation of the measured values was determined. Accuracy (deviation), difference
and repeatability (Coefficient of variation - COV) of the tube voltage was

calculated from recorded data using equations 7, 8 and 9 respectively. Tolerance
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level for Accuracy was +5 % whiles for Repeatability - difference <5 % and COV

<2 %. Set-up for the test is presented in Figure 15.

Figure 15: Set — up for kVp Accuracy and Repeatability measurement

k Vpnom - kmeeasured
k Vpnom

Deviation (%) = ( ) x 100 (7

where kVpnom is the value indicated on the equipment and KV pmeasured iS the Piranha

measured value. This percentage deviation is a measure of the accuracy.
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Max measurement — Min measurement

Dif ference (%) = ( ) x 100 (8

Min measurement

where Max measurement is the maximum tube voltage measured and Min
measurement is the minimum tube voltage measured.

X
cov = (—_) x 100 9

Ox

where X is the mean of the tube voltage values measured and oy is the standard
deviation of the tube voltage values measured . Results for this test for all thirteen

(13) mammaography systems are presented in Table 12.

Output repeatability and Linearity

The output repeatability and linearity was performed to evaluate the
repeatability of the air kerma for a given mAs and the linearity with the mAs. The
Piranha was laterally centred on the breast support and 40 mm from the chest wall,
so that the sensitive volume of the Piranha remains completely irradiated. A fixed
tube voltage of 28 kVp was selected and exposures made with three (3) different
values of mAs (40, 80 or 85 and 120 or 125 — based on the potential of the
mammography equipment). For the 40 mAs, five exposures were taken whiles two
exposures were taken for both the 80 mAs or 85 mAs and the 120 mAs or 125 mAs.
The exposure readings of the Piranha was recorded onto a data collection sheet.
The percentage difference between the measurements under 28 kVp / 40 mAs was
calculated using equation 8. Coefficient of variation was calculated using equation
9. For each mAs selected, the average value of the obtained readings of air kerma
was calculated and recorded on the data collection sheet. The output, Y, was
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calculated by dividing each average air kerma value obtained by the corresponding
mAs and the results recorded. The output linearity (L) was calculated using the
equation 10.

Linearity (L) = (%) x 100 (10)

where Y1 and Y> are two output values at consecutive mAs settings.

The tolerance (acceptable) limit according to the International Atomic Energy
Agency Human Health Series 2 (IAEA, 2009) is repeatability - difference <5 % and
COV <5 % whiles that of linearity is <10 %. Results for this test for all thirteen (13)
mammography systems are presented in Table 13.
Short Term AEC

The performance of the Automatic Exposure Control (AEC) system can be
described by the reproducibility and accuracy of the automatic optical density
control. The Piranha was positioned in the path of the X-ray beam but without
covering the AEC — detector. The short term reproducibility of the AEC system is
calculated by the deviation of the exposure meter reading of ten (10) routine
exposures of the 45 mm PMMA slabs. The test was performed according to
European guidelines for quality assurance in breast cancer screening and diagnosis
Fourth edition and the results presented in Table 14. Set — up for determination of

the reproducibility of the AEC is presented in Figure 16.
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Figure 16: Set — up for determination of Short Term AEC

Half VValue Layer (HVL)

The purpose of the test was to confirm that the total filtration of the X-ray
beam over a wide range of kVp’s is in agreement with International Standards. The
Piranha system was placed on the breast support, centred laterally, and 40 mm away
from the chest wall edge, so that the sensitive volume of the Piranha remains
completely within the radiation field. The compression paddle was applied.
Exposures were made by setting the kVp from the lowest to the highest with
increments of 1, 2 or 3 depending on the system’s ability to select a particular tube
voltage. The exposures were repeated for each kVp set and the data recorded from
the Piranha was entered into a data collection sheet. The mean and standard

deviation was calculated. Tolerance limit for the HVL was determined by using
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equations 11 and 12. The results for the HVL measurements are presented in Table

15 to Table 27.

X-ray tube voltage (KV)
100

HVL (measured)min > + 0.03 (12)

X-ray tube voltage (KV)
100

HVL (measured)max < +C (12)
where 0.03 is a factor that compensates for the thickness of the compression plate
and C is a factor that compensates for the anode/filter combination used (Elmore et
al., 2003; IAEA, 2011). Each equipment used has a C factor depending on the
anode/filter combination. C factors were chosen from Mo/Mo — 1.000, Mo/Rh —
1.017, Rh/Rh —1.061, W/Rh —1.042 and W/Ag — 1.042.
Compression Test

Adequate compression is essential for high quality mammography. The
compression test was performed to check that the mammography system provides
adequate compression in manual and automatic mode; to check the accuracy of the
compression force indicator, if present on the equipment; to check the accuracy (or
deviation) of the compression thickness indicator (IAEA, 2011). The alignment of
the compression device at maximum force was also visualized and measured (EC,
2006).
Compression Force
Automatic Compression Mode

The bathroom towel was placed on the breast support and the bathroom

scale was placed on it centrally directly under the compression paddle. A lawn

tennis ball was placed on the scale to protect the compression plate and such that it

64



does not obscure the reading on the scale. The reading on the scale was adjusted to
point “Zero”. The compression paddle was activated so that it operated and stopped
at the maximum available powered force of 150 N. The compression foot pedal was
activated for a second time to secure the compression plate. The deflection on the
bathroom scale and the value of the displayed compression force were both
recorded in kilogrammes (Kg) and Newtons (N) respectively. The compression
plate was released. Displayed value accuracy should be within £20 N. Results are
presented in Table 28.
Manual compression mode

Using the same set-up as the automatic compression, the compression plate
was moved downwards manually until it stopped. The deflection on bathroom scale
and the value of the compression force were both recorded on the data collection
sheet in Kilogrammes (Kg) and Newtons (N) respectively. The compression plate
was released. Displayed maximum manual compression force should be less than
300 N. Displayed value accuracy should be + 20 N. Results are presented in Table
28. Set — up for measuring compression force in Automatic and Manual mode is

presented in Figure 17.
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Figure 17: Set — up for measuring Compression force in both
Automatic and Manual Mode

Compression Thickness

The PMMA slabs (20 mm, 45 mm and 70 mm) were aligned with the chest
wall edge of the breast support platform. The compression paddle was activated so
that it operated and stopped at the maximum available powered force. The
measurement of the thickness of the slabs was taken centrally. The measured
thickness and the displayed thickness were all recorded and inputted into the data

sheet. Tolerance limit is for the displayed thickness to be within 5 mm of phantom
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thickness. Results are presented in Table 29. Set — up for measuring compression

thickness is presented in Figure 18.

Figure 18: Set — up for measuring Compression thickness

Compression Alignment

The alignment of the compression device at maximum force was visualized
and measured when the lawn tennis ball was compressed. The distance between
breast support surface and compression device on each corner was measured. The
compression device was released. Minimal misalignment of the compression plate
is allowed, the difference between the measured distances at the left and the right

side of the compression paddle should be < 5 mm for symmetrical load. Results are
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presented in Table 30. Set — up for measuring compression alignment is presented

in Figure 19.

Figure 19: Set — up for measuring Compression alignment

Image Quality Test

Image quality assessment plays an essential role in the imaging process. It
seeks to quantify a visual quality or, anatomically, an amount of distortion or
degradation in a given image (Nisha, 2013).

Signal-to-noise ratio (SNR)

SNR was achieved through the exposure of PMMA plates with varying
thicknesses (20 mm, 45 mm and 70 mm) using the automatic exposure control
mode. The PMMA plates were positioned on the breast support and in order to
produce a contrast area, an aluminium foil 0.2 cm thick measuring 2 x 2 cm was

placed 6 cm far from the chest wall. After exposures, the images were registered as
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“raw data”. The images were imported into the Image) software and same
dimension circular regions-of-interest (ROI) were drawn on the images — one inside
the Aluminium sheet region and four (4) outside the Aluminium sheet region. The
mean pixel value (MPV) and the standard deviation (o) for the area inside the
Aluminium sheet region and the area outside it were extracted from the image. The
value of SNR for the 20 mm, 45 mm and 70 mm was calculated according to the
“Rose Model” using equation 3. The results of the test are presented in Table 31.

Set-up for image quality test is presented in Figure 20 to Figure 22.

Figure 20: Set — up for Image quality test on 20 mm phantom
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Figure 21: Set — up for Image quality test on 45 mm phantom with spacer
to obtain an equivalent breast thickness of 53 mm

Figure 22: Set — up for Image quality test on 70 mm phantom with spacer
to obtain an equivalent breast thickness of 90 mm
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Mean Glandular Dose (MGD) Estimation

The purpose of the test was to estimate the mean dose to the glandular tissue
of the breast which was calculated using equation 4. The MGD values are based on
measurements of Entrance Surface Air Kerma (ESAK) and Half Value Layer. A
thickness of 20 mm was simulated using two (2) 10 mm PMMA plates. The Piranha
system was positioned centrally on the breast support and positioned 4 cm away
from the chest wall. The compression plate was lowered and the exposure made in
AEC mode. Set — up for estimation of mean glandular dose is presented in Figure
23. The same set-up was used for an exposure in the Semi — automatic mode with
50 mAs. The entrance surface air kerma and half value layer reading were recorded
from the Ocean software and entered in the data sheet designed in Microsoft Excel.
To get the actual ESAK, the Inverse Square Law (equation 13) was employed.

I ()’

Lo (@) (13)

where 11 and Iz are the initial and final intensity of radiation respectively and d; and

d2are the initial and final distances respectively.

This was necessary because, the distance at which the detector was measuring the
incident radiation was different from the distance at which the various simulated
breast thicknesses received the incident radiation. The actual mAs of the exposure
was also corrected. The conversion factors g, ¢, s, used for this study was
extrapolated from Dance et al publication (2000, 2009, and 20011). The procedure
was repeated for a thickness of 30 mm, 40 mm, 45 mm, 50 mm, 60 mm and 70 mm

PMMA thickness. The results for the calculated mean glandular dose are presented
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in Table 32. For the FFDM systems, the displayed MGD was also recorded and the
deviation between the displayed and the calculated was also determined. The results

are presented in Table 33.

184S NN |

Figure 23: Set — up for estimation of MGD using PMMA slabs

Mean Glandular Dose (MGD) measurement using ACR MAP

The purpose of the test was to measure the mean dose to the glandular tissue
of the breast using the ACR MAP. The ACR MAP was positioned centrally on the
breast support and positioned 4 cm away from the chest wall. The compression
plate was lowered and the exposure made in semi - automatic mode using tube
voltage of 28 kVp. Set - up for the test is presented in Figure 24. The results are

presented in Table 36.
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Figure 24: Set — up for estimation of MGD using ACR MAP

Modelling process

The experimental modelling process was done using analytical modelling
technique. The models were designed from the acquired phantom data and used to
establish the relationship between the compressed breast thickness (CBT) and the
tube voltage (kVp) and output (mAS). In addition, the experimental analytical
modelling technique was used to model the relationship between pre-set exposure
parameters (mAs, kVp) and the expected delivered mean glandular dose and the
image quality. With a known CBT, mean glandular dose and image quality are

predicted before the procedure starts i.e. patient is imaged.
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The modelling procedure involved the use of mathematical regression analysis to
determine the mathematical relationship between two or more variables. The idea
of linear regression equation predictor which is used to estimate the relationship

between two unknown variables in the form of the model equation predictor as in:

A=Y+ 1 (14)

where A is the unknown variable and & is the predictor with Yo and Y1 as the

intercept on the axis of the unknown variable and slope of the relationship between
the two variables respectively. In addition, each predictor in a regression equation

has an estimated coefficient associated with the sample population regression

coefficients. That is by using the estimated coefficients (1) with the predictors to

calculate the fitted value of the response. Furthermore, the model equations were

verified by estimating Y1 and Yo and comparing them with the modelled linear

regression equation predictor above. In addition the coefficient (1) was also

estimated using the formula in simple linear regression:

_ 2(X1-X)(Y1-Y)

L€ Z(X1-X)? (15)
whereas the formula for the intercept (/o) was estimated using:
)/0 =A-Y., & (16)
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The mathematical model equations are presented in chapter 4.

Limitations of Model

One very crucial limitation of the model is the fact that all measurements
were based on phantoms therefore getting enough data for the study presents a
serious challenge. It doesn’t take into consideration gender, age and clinical history.
Another limitation is the anode/target combination of the system. Different systems
have different anode / target combination. This impacts the final dose delivered to
the glandular tissue as indicated in equation 4. This current model is based on the
Tungsten / Rhodium (W/Rh) combination.
Chapter Summary

This chapter gave into details the materials and the methodology used to
achieve the study objectives. It describes the different measurements that were
undertaken and the process of obtaining the primary data in order to undertake
further analysis. The chapter also gave details on the modelled equations. It
conclude with a description of the application software and statistical models that
were used to analysed the data, in addition to the limitations encounter during the

modelling of the equations.
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CHAPTER FOUR
RESULTS AND DISCUSSION

Introduction

The results of the unit assembly evaluation, radiological equipment
performance test (tube voltage accuracy and repeatability, output repeatability and
linearity, half value layer, short term automatic exposure control (AEC),
compression (force, thickness and alignment) test, quantitative image quality and
dosimetry are all presented in this chapter. Results from dose assessment using the
ACR MAP and dose delivery accuracy are also presented. Modelled equations that
predict exposure parameters, mean glandular dose and image quality are presented
in this chapter. The chapter also has information on how the diagnostic reference
levels were established.
Equipment Assembly Evaluation

The test was performed to ensure that all locks, detents, angulation
indicators and mechanical support devices for the X-ray tube and breast support
assembly are operating properly. It was also to ensure that the DICOM file headers
are correctly populated. The results are presented in Table 8 to Table 11. The results
show that for most of the mammography systems, their mechanical features are
functioning correctly with the exception of systems ‘F’ and ‘I’ whose compression
paddles were not functioning hence compression plate is only brought down
manually. This tends to affect positioning of breast since two (2) hands are required
to position the breast effectively. Angular indicator on system ‘F was also not

functioning hence angular positions of both Craniocaudal (CC) and mediolateral
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obliqgue (MLO) projections are based only on MLO button of the system and
working experience of the radiographer. Even though system ‘E’ is a CR system,
the image capturing and processing is that of a screen film system. Hence images
don’t contain the institute’s details and the DICOM header is also not populated
with patients 1D and technique factors used for the exposure. For CR systems ‘G’,
‘C’, ‘E’ and FFDM systems ‘K’ and ‘L’ the DICOM is not activated on the system.
The package was not part of the installation at the time of purchase. Images are
only obtained through printing. It was confirmed that appropriate, operator
technique control charts were not posted in the imaging room of all thirteen (13)
Centres under the study even though for some systems, once awhile the
radiographer uses the Manual exposure mode and for other systems the
radiographer uses Manual exposure mode all the time. In such cases, the selection
of the exposure parameters is based solely on the radiographer’s working
experience which is not the best especially when two (2) or more radiographers
rotate at the Mammography unit. This usually happens when broad breast are
imaged in parts and also when further details are required of very dense breast.
Since systems J — M were FFDM systems, it means questions 6 — 8 were not
applicable to them. The results of the unit assembly evaluation which was
undertaken according to the IAEA Human Health Series 2 and 17 protocols
respectively (IAEA 2009, IAEA 2011) indicate that systems A — E and G — M

passed all the evaluation tests.
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Table 8: Results of mammography equipment assembly evaluation for systems

A-C
MAMMOGRAPHY SYSTEMS A B C
1  Free standing unit is mechanically stable. Y Y Y
2 Indicator lights working properly Y Y Y
3 All moving parts move smoothly, without obstructions to Y Y Y
motion.
4 All locks and detents work properly. Y Y Y
5 Angulation indicators function properly Y Y Y
6  Image receptor and holder is free from vibrations during Y Y Y
exposure
7  Image receptor slides smoothly into holder assembly Y Y Y
8  Image receptor is held securely by assembly in any Y Y Y
orientation
9  The compression plate is in good condition Y Y Y
10 The compression breast thickness scale (analog or digital) is Y Y Y
accurate and reproducible
11 The automatic compression release following exposure Y Y Y
functions correctly
12 The manual release of compression is possible when power Y Y Y
fails
13 The compression release override works properly Y Y Y
14 The radiation shield for the operator is adequate Y Y Y
15 There are no sharp edges on the breast support or Y Y Y
compression paddle
16 The face guard is in place Y Y Y
17  Confirm that appropriate, current operator technique control N N N
charts are posted.
18 Panel switches, Indicator lights and meters working properly Y Y Y
19 Images contain institution ID, patient ID, image acquisition Y Y Y
time and date and technique factors
20 DICOM header is populated correctly with institution 1D, Y Y N

patient ID, image acquisition time and date, and technique
factors etc.

NB: Results are given in terms of compliance (Y) and failure to comply

(N)
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Table 9: Results of mammography equipment assembly evaluation for systems
D-F

MAMMOGRAPHY SYSTEMS

1  Free standing unit is mechanically stable.
2 Indicator lights working properly

< <X X|O
< < <Xim
Z < X7

3 All moving parts move smoothly, without obstructions to
motion.

4 All locks and detents work properly. Y Y Y

5 Angulation indicators function properly Y Y N

6  Image receptor and holder is free from vibrations during Y Y Y
exposure

7 Image receptor slides smoothly into holder assembly Y Y Y
Image receptor is held securely by assembly in any Y Y Y
orientation

9  The compression plate is in good condition Y Y Y

10 The compression breast thickness scale (analog or digital) is Y Y Y
accurate and reproducible

11 The automatic compression release following exposure Y Y Y
functions correctly

12 The manual release of compression is possible when power Y Y Y
fails

13 The compression release override works properly Y Y Y

14  The radiation shield for the operator is adequate Y Y Y

15 There are no sharp edges on the breast support or Y Y Y
compression paddle

16 The face guard is in place Y Y Y

17 Confirm that appropriate, current operator technique control N N N

charts are posted.
18 Panel switches, Indicator lights and meters working properly Y Y Y

19 Images contain institution ID, patient ID, image acquisition Y N Y
time and date and technique factors

20 DICOM header is populated correctly with institution ID, Y N Y
patient ID, image acquisition time and date, and technique
factors etc.

NB: Results are given in terms of compliance (Y) and failure to comply (N)
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Table 10: Results of mammography equipment assembly evaluation for systems

G-I
MAMMOGRAPHY SYSTEMS G H I
1  Free standing unit is mechanically stable. Y Y Y
2 Indicator lights working properly Y Y Y
3 All moving parts move smoothly, without obstructions to Y Y N
motion.
4 All locks and detents work properly. Y Y Y
5  Angulation indicators function properly Y Y Y
6  Image receptor and holder is free from vibrations during Y Y Y
exposure
7 Image receptor slides smoothly into holder assembly Y Y Y
8  Image receptor is held securely by assembly in any Y Y Y
orientation
9  The compression plate is in good condition Y Y Y
10 The compression breast thickness scale (analog or digital) is Y Y Y
accurate and reproducible
11 The automatic compression release following exposure Y Y Y

functions correctly

12 The manual release of compression is possible when power
fails
13 The compression release override works properly

14 The radiation shield for the operator is adequate

15 There are no sharp edges on the breast support or
compression paddle

16 The face guard is in place

17  Confirm that appropriate, current operator technique control
charts are posted.

18 Panel switches, Indicator lights and meters working properly

zZ< < << <
Z< < << <
zZ< < << <

< <

19 Images contain institution 1D, patient ID, image acquisition
time and date and technique factors

20 DICOM header is populated correctly with institution ID, N
patient ID, image acquisition time and date, and technique
factors etc.

< < <
< < <

NB: Results are given in terms of compliance (Y) and failure to comply (N)
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Table 11: Results of mammography equipment assembly evaluation for systems
J-M

MAMMOGRAPHY SYSTEMS

1  Free standing unit is mechanically stable.
2 Indicator lights working properly

3 All moving parts move smoothly, without
obstructions to motion.

4 All locks and detents work properly.

Angulation indicators function properly

6 Image receptor and holder is free from vibrations N/A N/A N/A N/A
during exposure

<< < < <|<
<< =< < <|x
<< =< < <|r
<< =< <<|Z

(6, ]

7 Image receptor slides smoothly into holder N/A  N/A N/A N/A
assembly

8 Image receptor is held securely by assembly in N/A  N/A N/A N/A
any orientation

9  The compression plate is in good condition Y Y Y Y

10 The compression breast thickness scale (analog or Y Y Y Y
digital) is accurate and reproducible

11 The automatic compression release following Y Y Y Y

exposure functions correctly

12 The manual release of compression is possible
when power fails
13 The compression release override works properly

14 The radiation shield for the operator is adequate

15 There are no sharp edges on the breast support or
compression paddle

16 The face guard is in place

17  Confirm that appropriate, current operator
technique control charts are posted.

zZ< < << <
zZ< < << <
zZ< < << <
zZ< < << <

18 Panel switches, Indicator lights and meters Y Y Y Y
working properly

19 Images contain institution ID, patient ID, image Y Y Y Y
acquisition time and date and technique factors

20 DICOM header is populated correctly with Y N N Y

institution ID, patient ID, image acquisition time
and date, and technique factors etc.

NB: Results are given in terms of compliance (), failure to comply (N), and

test not applicable to system (N/A)
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X-ray Tube Performance Test

Results of X-ray tube performance test are presented in Table 12 to Table
27. For the purpose of this study, six (6) tests were performed under the X-ray tube
performance test. Results of tube voltage accuracy and repeatability test, output
repeatability & linearity test, short term automatic exposure control test are
presented in Table 12 to Table 14 whiles results for half value layer (HVL) test are
presented in Table 15 to Table 27.
Tube voltage accuracy and repeatability

The test was performed to verify the accuracy and repeatability of the tube
voltage at a fixed kVp. With tolerance level of tube voltage accuracy of +5 %
recommended by the IAEA Human Health Series 2 (IAEA, 2009), it was realized
from the results that all thirteen (13) mammography systems produced a good level
of tube voltage accuracy. With a tolerance level of tube voltage repeatability of <5
% for the difference and <5 % for COV, it can be deduced that all thirteen (13)
mammography systems passed the test. The results give the assurance that for
patient examination, the tube voltage will be accurate and reliable. Details of raw

values from which Table 12 was produced is presented in Appendix B.
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Table 12: Results of Tube voltage accuracy and repeatability for all thirteen systems

Mammaography kVp accuracy (%) kVp repeatability at 28 kVp

systems Difference (%) COV (%)
A 2.20 0.20 0.20
B 2.14 0.04 0.50
C 1.55 0.04 0.88
D 2.50 0.10 0.10
E 0.68 0.47 0.23
F 0.64 0.14 0.07
G 1.06 0.69 0.43
H 2.76 2.70 1.18
I 2.70 0.63 1.32
J 0.50 0.39 0.21
K 0.08 0.10 0.21
L 1.95 0.11 0.24
M 1.69 2.10 0.88

Output repeatability & linearity test

The test was undertaken to evaluate the output repeatability of the air kerma
for a given mAs and the linearity with the mAs. With a tolerance level of output
repeatability of <5 % for the difference and <5 % for COV according to the
International Atomic Energy Agency Human Health Series 2 (IAEA, 2009), it can
be deduced that all thirteen (13) mammography systems passed the output test.

The results from the Linearity test, with tolerance level <10 %, indicate that
all thirteen (13) mammography systems passed the test. Details of raw values from

which Table 13 was produced is presented in Appendix C.
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Table 13: Results of tube output repeatability and linearity test for all thirteen

systems
Mammography Output repeatability (%) Output linearity
systems (%)
Difference COV (%) Max L1 Max L2
(%)
A 0.36 0.20 -0.48 0.01
B 3.50 2.00 3.03 2.71
C 0.92 1.11 -0.43 -0.32
D 0.10 0.05 -0.20 -0.08
E 2.10 0.99 0.22 -1.83
F 0.21 0.09 -0.82 0.06
G 1.04 0.84 -0.16 0.29
H 0.18 0.17 -0.06 0.09
I 0.19 0.10 -0.45 0.14
J 0.07 0.07 -0.06 -0.23
K 0.07 2.84 -3.83 -0.15
L 0.01 0.12 0.06 -0.01
M 0.28 0.13 -0.23 -.0.30

L1 and L, are two Linearity values at consecutive mAs settings

Short Term Automatic Exposure Control test

The purpose of the test was to ensure that the AEC delivered consistent and
reproducible exposures. The results from the assessment of the AEC for systems A
— E, G and J — M, show that their AEC systems are functioning properly because
the values calculated are within the tolerance limit. For systems ‘F’ and ‘I’ their
AEC systems were not functioning and therefore were not in use. A value of 6.21
% was obtained for assessment of AEC of system ‘H’ which was more than the
tolerance level of <5 %. This shows that the AEC system is not functioning well.
This could lead to over or under exposure which may result in patient receiving an
unusual amount of dose to the glandular tissue of the breast. Details of raw values

from which Table 14 was produced is presented in Appendix D.
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Table 14: Results of short term automatic exposure control test for all thirteen
Systems

Mammography systems Short term automatic exposure control
(%)

1.22
2.45
3.19
1.70
3.30

0.00
6.21

2.76
1.97
3.79
441

SrXxXe—IOTMMmMUO®m>

Half VValue Layer test

The HVL was measured to confirm that the total filtration of the X-ray beam
over a wide range of kVp’s is in agreement with international standards. Results of
half value layer (HVL) test are presented in Table 15 to Table 27. The
measurements were taken over the kVp range of the system (from the lowest to the
highest with an increment of 1, 2 or 3 kVp) in both craniocaudal (CC) and
mediolateral oblique (MLO) views. Results of the calculated HVL presented in
Table 4.5 were compared with the results of the measured HVL in accordance with
IAEA protocol (IAEA 2011). It was realized that the results were within acceptable
limits. Therefore the beam quality over a range of kVp’s is consistent. Details of
raw values from which Table 15 to Table 27 were produced is presented in

Appendix E.

85



Table 15: Results of half value layer test on mammography system A

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CC+SD MLO + SD CC&MLO CC&MLO

23 0.30 £ 0.84E -3 0.30 £ 0.10E -2 0.26 0.42

25 0.32 + 0.55E -3 0.32+0.71E -3 0.28 0.44

27 0.34 + 0.84E -3 0.35+0.27E -1 0.30 0.46

29 0.36 + 0.84E -3 0.36 + 0.55E -3 0.32 0.48

31 0.37 £ 0.16E -2 0.37 £ 0.55E -3 0.34 0.50

33 0.39 + 0.90E -3 0.39 + 0.55E -3 0.36 0.52

35 0.40 £+ 0.89E -3 0.40 £ 0.55E -3 0.38 0.54

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 16: Results of half value layer test on mammography system B

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value  HVL value
(mmaAl) (mmAl)

CC+SD MLO + SD CC&MLO CC&MLO

23 0.30 £ 0.84E -3 0.30 £ 0.10E -2 0.26 0.42

25 0.32 + 0.55E -3 0.32+0.71E -3 0.28 0.44

27 0.34 + 0.84E -3 0.35+0.27E -1 0.30 0.46

29 0.36 £ 0.84E -3 0.36 £ 0.55E -3 0.32 0.48

31 0.37 £ 0.16E -2 0.37 + 0.55E -3 0.34 0.50

33 0.39 £ 0.90E -3 0.39 £ 0.55E -3 0.36 0.52

35 0.40 + 0.89E -3 0.40 + 0.55E -3 0.38 0.54

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 17: Results of half value layer test on mammography system C

Set Measured HVL value (mmaAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CCx+SD MLO %= SD CC&MLO CC&MLO
23 0.30 £ 0.45E -3 0.30 £ 0.55E -3 0.26 0.42
25 0.32 + 0.55E -3 0.32 + 0.45E -3 0.28 0.44
27 0.34 + 0.45E -3 0.34 + 0.45E -3 0.30 0.46
29 0.36 + 0.55E -3 0.36 + 0.89E -3 0.32 0.48
31 0.38 + 0.55E -3 0.38 + 0.45E -3 0.34 0.50
33 0.39£0.11E -2 0.39 £ 0.55E -3 0.36 0.52
35 0.41 + 0.45E -3 0.41 + 0.45E -3 0.38 0.54

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 18: Results of half value layer test on mammography system D

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmaAl)

CC+SD MLO *= SD CC&MLO CC&MLO
24 0.31£0.15E -2 0.31+0.11E-2 0.27 0.36
26 0.33 £ 0.55E -3 0.33 £ 0.55E -2 0.29 0.38
28 0.35 £ 0.84E -3 0.35+ 0.89E -3 0.31 0.40
30 0.37 £0.11E -2 0.37 £ 0.55E -3 0.33 0.42
32 0.38 £ 0.55E -3 0.38 £ 0.55E -3 0.35 0.44
34 0.40 £ 0.50E -3 0.40 £ 0.55E -3 0.37 0.46
35 0.40 £+ 0.89E -3 0.40 £ 0.55E -3 0.38 0.47

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 19: Results of half value layer test on mammography system E

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CC+SD MLO £ SD CC&MLO CC&MLO

23 0.30 + 0.45E -3 0.30 + 0.55E -3 0.26 0.42

25 0.32 £ 0.55E -3 0.32 + 0.45E -3 0.28 0.44

27 0.34 + 0.45E -3 0.34 + 0.45E -3 0.30 0.46

29 0.36 + 0.55E -3 0.36 + 0.89E -3 0.32 0.48

31 0.38 + 0.55E -3 0.38 + 0.45E -3 0.34 0.50

33 0.39£0.11E -2 0.39 £ 0.55E -3 0.36 0.52

35 0.41 + 0.45E -3 0.41 + 0.45E -3 0.38 0.54

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 20: Results of half value layer test on mammography system F

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmaAl)

CC+SD MLO * SD CC&MLO CC&MLO
20 0.25 £ 0.55E -3 0.25 £ 0.55E -3 0.23 0.32
23 0.29 £ 0.89E -3 0.30 £ 0.26E -2 0.26 0.35
26 0.32 £ 0.45E -3 0.32 £ 0.55E -3 0.29 0.37
29 0.35 £ 0.45E -3 0.35 £ 0.55E -3 0.32 0.41
32 0.38 £ 0.45E -3 0.38 £ 0.45E -3 0.35 0.44
35 0.41 £+ 0.40E -3 0.41 £ 0.55E -3 0.38 0.47

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 21: Results of half value layer test on mammography system G

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CC+SD MLO + SD CC&MLO CC&MLO

20 0.26 + 0.58E -3 0.26 + 0.58E -3 0.23 0.32

23 0.30 £ 0.58E -3 0.30 £ 0.50E -3 0.26 0.35

25 0.32 + 0.58E -3 0.32 + 0.50E -3 0.28 0.37

27 0.33 £ 0.50E -3 0.33 £ 0.50E -3 0.30 0.39

29 0.35 £ 0.50E -3 0.35 £ 0.58E -3 0.32 0.41

31 0.36 + 0.50E -3 0.36 + 0.50E -3 0.34 0.43

33 0.38 £ 0.50E -3 0.38 £ 0.50E -3 0.36 0.45

35 0.39 + 0.50E -3 0.39 + 0.50E -3 0.38 0.47

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 22: Results of half value layer test on mammography system H

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value  HVL value
(mmaAl) (mmAl)

CC+SD MLO + SD CC&MLO CC&MLO

20 0.26 + 0.50E -3 0.26 + 0.58E -3 0.23 0.32

23 0.30 £ 0.58E -3 0.30 £ 0.58E -3 0.26 0.35

25 0.32 £ 0.58E -3 0.32 £ 0.50E -3 0.28 0.37

27 0.34 + 0.58E -3 0.34 + 0.50E -3 0.30 0.39

29 0.36 £ 0.58E -3 0.36 £ 0.50E -3 0.32 0.41

31 0.37 + 0.58E -3 0.37 + 0.50E -3 0.34 0.43

33 0.39 £ 0.60E -3 0.39 £ 0.50E -3 0.36 0.45

35 0.40 £ 0.50E -3 0.40 £ 0.50E -3 0.38 0.47

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 23: Results of half value layer test on mammography system |

Set Measured HVL value (mmaAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CC+SD MLO + SD CC&MLO CC&MLO
23 0.35+ 0.58E -3 0.35 + 0.58E -3 0.26 0.42
25 0.39 £ 0.58E -3 0.39 £ 0.58E -3 0.28 0.44
27 0.42 +0.00 0.42 + 0.58E -3 0.30 0.46
29 0.43 £ 0.58E -3 0.43 £ 0.00 0.32 0.48
31 0.45 + 0.58E -2 0.45 + 0.45E -3 0.34 0.50
33 0.46 £ 0.00 0.46 £ 0.00 0.36 0.52
35 0.48 + 0.58E -3 0.48 + 0.58E -3 0.38 0.54

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 24: Results of half value layer test on mammography system J

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmaAl) (mmaAl)

CC+SD MLO * SD CC&MLO CC&MLO

23 0.47 £ 0.55E -3 0.47 £ 0.55E -3 0.26 0.53

25 0.51 £+ 0.84E -3 0.51 £+ 0.55E -3 0.28 0.55

27 0.53+0.11E -2 0.53 £ 0.55E -3 0.30 0.57

29 0.54 £ 0.10E -2 0.54 £ 0.55E -3 0.32 0.59

31 0.56 £ 0.55E -3 0.56 £ 0.55E -3 0.34 0.61

33 0.58 £ 0.50E -3 0.58 £ 0.55E -3 0.36 0.63

35 0.60 £ 0.55E -3 0.60 £ 0.55E -3 0.38 0.65

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 25: Results of half value layer test on mammography system K

Set Measured HVL value (mmaAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CC+SD MLO £ SD CC&MLO CC&MLO
23 0.47 + 0.55E -3 0.47 £ 0.55E -3 0.26 0.53
25 0.51 + 0.55E -3 0.51 + 0.55E -3 0.28 0.55
27 0.53 £ 0.84E -3 0.53 £ 0.55E -3 0.30 0.57
29 0.54 + 0.10E -2 0.54 £ 0.55E -3 0.32 0.59
31 0.56 + 0.55E -3 0.57 + 0.16E -3 0.34 0.61
33 0.58 £ 0.50E -3 0.58 £ 0.55E -3 0.36 0.63
35 0.60 £ 0.55E -3 0.60 £ 0.55E -3 0.38 0.65

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.

Table 26: Results of half value layer test on mammography system L

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value  HVL value
(mmAl) (mmAl)

CC+SD MLO * SD CC&MLO CC&MLO

23 0.47 + 0.45E -3 0.47 + 0.45E -3 0.26 0.53

25 0.51 £ 0.55E -3 0.51 £+ 0.89E -3 0.28 0.55

27 0.53 + 0.55E -3 0.53 + 0.55E -3 0.30 0.57

29 0.55 £ 0.45E -3 0.55 £ 0.22E -2 0.32 0.59

31 0.56 + 0.55E -3 0.56 + 0.55E -3 0.34 0.61

33 0.58 £ 0.50E -3 0.58 £+ 0.55E -3 0.36 0.63

35 0.59 + 0.51E -2 0.60 + 0.48E -3 0.38 0.65

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated

using equation 12.
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Table 27: Results of half value layer test on mammography system M

Set Measured HVL value (mmAl) Minimum Maximum
kVp HVL value HVL value
(mmAl) (mmAl)

CCx+SD MLO = SD CC&MLO CC&MLO
23 0.47 + 0.55E -3 0.47 £ 0.58E -3 0.26 0.53
25 0.51 + 0.10E -2 0.51+0.11E -2 0.28 0.55
27 0.53 £ 0.54E -3 0.53 £ 0.55E -3 0.30 0.57
29 0.55 + 0.55E -3 0.55 + 0.55E -3 0.32 0.59
31 0.56 £ 0.45E -3 0.56 £ 0.48E -3 0.34 0.61
33 0.58 + 0.50E -3 0.58 + 0.50E -3 0.36 0.63
35 0.59 + 0.11E -2 0.59 + 0.10E -2 0.38 0.65

Minimum HVL is calculated using equation 11 whiles maximum HVL is calculated
using equation 12.
Compression Test

Breast compression is necessary because it reduces overlapping anatomy
and decreases tissue thickness of the breast hence less scatter, more contrast, less
geometric blurring of the anatomic structures, less motion and lower radiation dose
to the tissues. Results from the compression force, thickness and alignment are
presented in Table 28, Table 29 and Table 30 respectively.
Compression Force

Results from the compression force test is presented in Table 28. Systems
A - C, E, and H — M passed both Power and Manual compression test performed
on them according to the tolerance level (displayed value accuracy + 20 N) set by
IAEA Human Health Series 2 and 17 protocols (IAEA 2009, IAEA 2011). Details

of raw values from which Table 28 was produced is presented in Appendix F.
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Table 28: Results of compression force test for all thirteen systems

Mammography Compression force accuracy (N)
systems . _
Automatic Compression Manual
Compression
A +10.00 +10.00
B +7.04 +3.04
C +15.00 +15.00
D - -
E +15.00 +15.00
F - +630.00
G +30.00 +10.00
H +6.00 +10.00
I +10.00 +10.00
J +2.00 +3.00
K +5.00 +6.00
L +5.00 +4.00
M +9.00 +17.00

Even though system “I”” passed the test it was observed that the compression
plate lacked the needed force to compress the breast. The compression was not firm
enough hence during breast examinations, breast will not receive the maximum
compression they require. System D has no display screen hence the compression
force test could not be carried out. However under maximum compression, a force
of 170 N and 200 N was calculated during Automatic Compression and Manual
Compression respectively. These results can be used as baseline data for further
studies. Power compression test was not performed on system F due to
malfunctioning of the compression paddles. The system also failed the manual
compression test recording a difference in value between the measured and
displayed force of +630 N. Apart from results of Manual compression of system
M, the FFDM systems recorded a relatively lower compression force difference

than the CR systems.
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Compression Thickness

Results from the compression thickness test is presented in Table 29. For
the test to be passed, the displayed thickness must be within £ 5 mm of phantom
thickness. System G failed the compression thickness test completely whiles
system H failed the compression thickness accuracy test for the 45 mm PMMA
phantom. This indicates that the breasts are not being compressed efficiently to the
right thickness and hence can’t achieve best image quality. Details of raw values

from which Table 29 was produced is presented in Appendix G.

Table 29: Results of compression thickness test for all thirteen systems

Mammaography Compression thickness accuracy (mm)
systems PMMA thickness
20 mm 45 mm 70 mm
A 4 3 3
B 2 4 1
C 5 5 1
D 0.5 1 2
E 3 3 2
F 4 1 0
G 11 10 11
H 2 6 5
I 3 3 1
J 4 4 3
K 4 2 3
L 3 4 3
M 2 2 3

Compression Alignment

Results from the compression alignment test is presented in Table 30.
Results from system C shows that it failed the compression alignment test “Right
Diff. (r-f)” which is the difference on the right side of the compression plate

between the rear and front. Values obtained from system E’s compression
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alignment tests - Left Diff. (r-f) and Right Diff. (r-f) were 9 mm and 9 mm
respectively. The values were more than the tolerance limit of <5 mm according to
the European Quality Control of Physical and Technical Aspects of Mammography
Screening protocol. The values measured indicate that the compression plate is
misaligned for systems C and E which means patient breast is not optimally
compressed during imaging. Details of raw values from which Table 30 was
produced is presented in Appendix H.

Table 30: Results of compression alignment test for all thirteen systems

Mammography Compression alignment accuracy (mm)
systems Rear Diff. (I- Front Diff. Left Diff.(r- Right Diff.
9] (I-n) f) (r-f)
A 1 0 2 3
B 1 0 2 1
C 0 1 5 6
D 1 1 1 3
E 0 0 9 9
F 1 2 1 2
G 4 3 5 4
H 3 0 4 3
I 1 1 1 1
J 0 0 0 2
K 4 0 3 1
L 1 1 1 1
M 1 1 2 0

Image Quality Test

The differences in attenuation of the various soft tissue structures in the
female breast are small hence image quality is of high importance. Using the ImageJ
software, circular Region-of-interest (ROI) was drawn on DICOM images (Figure
25 - Figure 27) obtained from the system for 20 mm, 45 mm and 70 mm PMMA

slabs fitted with a spacer for an equivalent breast thickness of 21 mm, 53 mm and
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90 mm respectively and data extracted from them which was used to calculate the
signal — to — noise ratio (SNR). The results of the test are presented in Table 31.
Details of raw values from which Table 31 was produced is presented in Appendix
l.

Table 31: Results from Image Quality assessment for all thirteen systems

Mammaography Signal to noise ratio (SNR)
systems PMMA Phantom thickness / equivalent breast thickness
(mm)
20/21 mm 45/53 mm 70/90 mm
A 8.92 7.39 6.38
B 9.10 6.08 3.35
C - - -
D 6.71 2.65 0.06
E - - -
F 12.20 6.02 2.68
G - - -
H 12.79 5.21 4.12
| 11.22 3.19 0.77
J 16.42 10.64 8.56
K - - -
L - - -
M 9.94 5.61 5.35

Quantitative image quality assessment was undertaken using the “Rose
Model” for image quality assessment (Cunningham et al., 1999). DICOM images
were not obtained from systems C, E, G, K and L because the DICOM package was
not installed on the computer system as part of the purchasing agreement. This
happened in three (3) private facilities and two (2) government facilities. Albert
Rose Model for image quality states that “the ability to detect an object is related
to the ratio of the signal to noise (SNR) and an object is distinguishable from the

background if the SNR is equal to or greater than 5”. The quality of images from
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system A, J and M for all three thicknesses were of good quality. From Table 31
images from the test on the 20 mm phantom were of good quality for all the thirteen
(13) systems. System B, F and H recorded good images for the 45 mm phantom.
Systems D and | recorded poor image quality for the 45 mm phantom. Images of
the 70 mm phantom from systems B, D, F, H and | were of poor quality. The images
from the FFDM systems were generally of a better quality than the CR systems.
Results also show that images of lower thickness was of better quality than those
of high thickness which indicates that when the breast is well compressed during

examination, the potential of achieving a high image quality is better.
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Figure 25: Circular ROI drawn on 20 mm phantom image
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Figure 26: Circular ROI drawn on 45 mm phantom image
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Figure 27: Circular ROI drawn on 70 mm phantom image
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Estimation of Mean Glandular Dose (MGD)

MGD delivered by the systems at different equivalent breast thicknesses
was estimated using the model as described by Dance and colleagues (Dance, 1990;
Dance et al., 2000, 2009, 2011) and the results presented in Table 32. Details of
raw values from which Table 32 was produced is presented in Appendix J.

The results were compared with the IAEA dosimetry protocol (IAEA, 2007)
and the European Quality Control of Physical and Technical Aspects of
Mammography Screening. Estimated value for system A’s 60 mm and 75 mm
equivalent breast thickness exceeded the acceptable limit by 17.07 % and 3.92 %
respectively. System J’s estimated mean glandular dose value for 75 mm equivalent
breast phantom exceeded the acceptable limit by 9.52 %. All other estimated mean
glandular doses were within the acceptable limits. A Graph of mean glandular dose
against equivalent thickness of breast is presented in Figure 28. The graph shows a
general increase in MGD values with increasing thickness with exceptions from
system J.

Since systems J, K, L and M are FFDM systems the percentage difference
between the displayed and estimated doses were determined. The result is presented
in Table 33. It was found that the percentage difference between the patient
(displayed) and estimated MGD for all four (4) systems were lower than 50%. The
results show that the difference in all cases were below the set protocol level. Other
authors report similar or even higher differences (Smans, Bosmans, Xiao, Carton
& Marchal, 2006; Young et al., 2004). The possible reasons for the observed

differences between phantom and patient (displayed) values are differences in
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standard breast (represented by the phantom) composition and the composition of
the real breasts, uncertainty in the breast thickness measurements, inaccuracies in
the determination of HVL, some uncertainties related to the dosimeter and tube
loading meter readings. The average of the MGD and standard deviation was also
calculated for all the systems and the results presented in Table 34. From the results,
system F recorded the lowest values of 1.07 + 0.54 mGy and system A recorded the
highest value of 2.74 + 2.25 mGy. Both were CR systems. Among the FFDM
systems, the highest value was recorded by system J whiles the lowest value was
recorded by system K.

Table 35 presents a comparison amongst the mean glandular dose values
from the study and the doses found in other studies using the same method i.e
calculated incident air Kerma for 5 cm thick PMMA phantom (equivalent to a6 cm
thick breast). The results of this study compared favourably well.

For the FFDM systems, MGD was also measured using the ACR phantom
and the values presented in Table 36. All four (4) systems complied with the
maximum limit of 3 mGy for average patient breast (simulated by use of the
mammographic phantom, approximately 4.2 cm compressed breast thickness of 50
% adipose — 50 % glandular composition at 28 kVp). It was realised that system M
recorded the lowest MGD value during the ACR MAP test. All results obtained
from the study can be used as baseline data for quality control at the Centres whose

Mammography equipment was part of the study.
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Table 32: Results of mean glandular dose assessment for all thirteen systems

PHANTOM  ACCEPTABLE RESULTS (mGy)

THICKNESS/  LEVEL (mGy)

EQUIVALENT

BREAST A B C D E F G H | J] K L M

THICKNESS
(mm)
20121 1.00 026 056 022 035 067 040 078 087 065 072 032 088 0092
30/32 1.50 094 060 1.14 089 108 070 116 1.39 1.00 148 102 149 133
40/45 2.00 145 074 182 134 137 084 135 129 108 206 134 150 1.67
45/53 2.50 179 107 229 172 155 087 161 150 1.38 157 141 145 1.43
50/60 3.00 356 143 286 262 173 126 198 188 176 152 148 142 148
60/75 4.50 468 192 415 358 212 142 229 304 198 3.14 163 209 1.88
70/90 6.50 649 264 514 476 286 201 370 496 293 439 224 235 491
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Figure 28: Graph of mean glandular dose against equivalent thickness of breast
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Table 33: Results of percentage difference between displayed and estimated
doses for FFDM systems

Thickness of Percentage difference between calculated and displayed
equivalent breast (%)
(mm)
J K L M

2.10 3.64 23.39 3.99 6.64
3.20 7.57 13.22 15.24 22.48
4.50 5.21 8.91 2.92 13.03
5.30 8.02 11.25 -0.38 571
6.00 18.60 1.81 19.16 15.17
7.50 33.64 22.19 34.49 29.56
9.00 42.17 14.23 36.72 37.44

Table 34: Results of average MGD with standard deviation

Mammography systems Average MGD = SD

2.74 +2.25
1.28 +0.77
2.52+1.70
2.18 +1.57
1.63+0.71
1.07 £ 0.54
1.84 +0.96
2.13+1.42
1.54 +0.76
213+1.24
1.35+0.58
1.59 +0.48
1.95+1.34

SrXxXe—IOTMMmMUOW>
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Table 35: Results compared with other studies

Study MGD / mGy

This study 1.92 +0.68

Oliveira et al. (2011) 2.73+£0.10

Dantas el al. (2010) 2.20+0.14
NHSBSP (2008) 2.29
NHSBSP (2009) 2.7

Wilson et al. (2010) 1.89 +0.98

Table 36: Results of MGD assessment using ACR MAP

FFDM System Displayed MGD (mGy)
J 0.98
K 1.35
L 1.84
M 0.81

Establishment of Diagnostic Reference Levels (DRL)

The diagnostic reference levels (DRL) were determined for a range of
PMMA thicknesses from 20 mm — 70 mm. The measured MGD was ordered from
the lowest to the highest for a particular PMMA thickness. The 95th percentile of
the mean glandular dose based on PMMA phantom measurements was calculated
for the different equivalent breast thicknesses. The 95th percentile of the calculated
mean glandular dose values refers to the point at which 5% of a calculated value

exceeded the referenced value. The reason this statistic is so useful in measuring

106



data is that it gives a very accurate picture of the distribution of the values. The
percentage difference between the DRL and the values that exceeded them was also
calculated and the results presented in Table 37. MGD values for system A (50 mm
and 70 mm) exceeded the DRL by 12.54% and 13.31% respectively), system J (30
mm, 40 mm and 60 mm) exceeded the DRL by 0.40%, 7.27% and 3.33%
respectively), system M (20 mm) exceeded the DRL by 3.31% and system C (45

mm) exceeded the DRL by 14.02%.

Table 37: Results of 95th percentile calculations

PMMA thickness (mm) 95" Percentile of MGD Percentage difference

(mGy) (%)
20 0.90 2.64
30 1.48 0.40
40 1.92 7.24
45 1.99 14.02
50 3.14 12.54
60 4.79 3.33
70 5.68 13.31

Results from Table 37 indicate that the percentage difference between the
DRL and the values that exceeded them where less than 15%. This Figure can be
used as a baseline data for further studies. A graphical presentation of the DRLS is

shown in Figure 29 — 35.
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Figure 29: Graph of MGD for 20 mm thick PMMA Phantom compared
with 95th percentile (DRL)
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30mm thick PMMA phantom
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Figure 30: Graph of MGD for 30 mm thick PMMA Phantom compared
with 95th percentile (DRL)
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40mm thick PMMA phantom
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Figure 31: Graph of MGD for 40 mm thick PMMA Phantom compared

with 95th percentile (DRL)
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Figure 32: Graph of MGD for 45 mm thick PMMA Phantom compared
with 95th percentile (DRL)
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Figure 33: Graph of MGD for 50 mm thick PMMA Phantom compared
with 95th percentile (DRL)
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60mm thick PMMA phantom

2 3 4
Mean Glandular dose (mGy)

W 95th
Percentile

mM

A

Figure 34: Graph of MGD for 60 mm thick PMMA Phantom compared

with 95th percentile (DRL)
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Figure 35: Graph of MGD for 70 mm thick PMMA Phantom compared
with 95th percentile (DRL)
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Modelled equations

Relationship between compressed breast thickness and tube voltage

With the aid of the MINITAB application software, the relationship
between the compressed breast thickness and the tube voltage was modelled from
phantom data and regression equation produced (equation 17). The equation has

standard deviation of 0.60 and R? value of 89.95 %.

X =23.9986 + 0.0862315 (Y) (17)

where X denotes tube voltage and Y denotes compressed breast thickness.

Relationship between compressed breast thickness and tube output

With the aid of the MINITAB application software, the relationship
between the compressed breast thickness and the tube output was modelled from
phantom data and two regression equations were produced (equation 18 and
equation 19). Equation 18 which was modelled for breast thicknesses between 5
mm and 20 mm had standard deviation of 0.233 and R? value of 81.04 %.

X1 =2.50493 (Y{) —11.59459 (18)

where X1 denotes tube output and Y1 denotes compressed breast thickness.

Equation 19 which was modelled for breast thicknesses between 20 mm and 85 mm
had standard deviation of 0.123 and R? value of 89.66 %.

X, = 2.50493 (Y,) — 31.59459 (19)

where X denotes tube output and Y denotes compressed breast thickness.
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Relationship between tube voltage, tube output and mean glandular dose
MINITAB application software was used to model the relationship between
the tube voltage, tube output and mean glandular dose. The model was developed
from phantom measurement data and one regression equation was produced
(equation 20). Equation 20 had standard deviation of 0.073 and R? value of 92.00

%.

X3 =3.5-10.109 (Y3) + 0.0103(Z;) (20)

where X3 denotes mean glandular dose, Y3 denotes tube voltage and Zs denotes
tube output.
Relationship between mean glandular dose and image quality

The relationship between the mean glandular dose and image quality was
modelled from phantom measurement data and one regression equation was
produced (equation 21) which had standard deviation of 0.408 and R? value of
79.50 %.

X, =10.8—-3.20 (Y, (21)
where X4 denotes the image quality and Y4 denotes the mean glandular dose.

With these modelled equations, it was possible to predict closely the tube voltage,
tube output, mean glandular dose and the quality of the image before patient was
exposed.

The model equations were employed over a range of phantom thicknesses.
In Manual mode, the exposure parameters were entered and exposure taken. Values
recorded by the model and values recorded post exposure are presented in Table

38. From the results, it was found that the percentage deviation between the MGD
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values for the model and the input data ranged from 2.27% — 29%. It was observed
that the deviation was much less at lower thicknesses than at higher thicknesses.

The image quality for all images were however of good quality. The model is
therefore a good alternative to determining the exposure parameters before patient

IS exposed.
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Table 38: Results from application of Model

Phantom kVp mAs MGD /mGy Percentage SNR
Thickness / difference
Equivalent Model Console Model Console Model Model (%) Model Model
breast thickness 9denerated  actual ~ generated  actual expected  Console expected calculated

(mm) Input inputted Input inputted results output results value
20/21 25.70 26.00 38.50 40.00 0.89 0.87 2.27 7.96 7.89
30/32 26.60 27.00 43.50 42.00 1.05 0.98 6.90 7.44 7.21
40/45 27.40 27.00 68.60 71.00 121 1.30 7.17 6.91 7.07
45/53 27.90 28.00 81.10 80.00 1.30 1.60 20.69 6.65 6.88
50/60 28.31 28.00 93.65 90.00 1.38 1.52 9.69 6.39 6.61
60/75 29.17 29.00 118.70 110.00 1.54 1.80 15.57 5.86 5.96
70/90 30.03 30.00 143.70 140.00 1.71 2.29 29.00 5.34 5.67
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The model was also used to predict the quality of images from systems K and L

and the result is presented in Table 39.

Table 39: Results of Image Quality as predicted by Model

Mammography Signal-to-noise ratio (SNR)
systems PMMA Phantom thickness / equivalent breast thickness
(mm)
20/21 mm 45/53 mm 70/90 mm
K 9.78 6.29 3.63
L 7.98 6.16 3.28

Based on the modelled equation results, it indicates that systems K and L
recorded good images for 21 mm and 53 mm equivalent breast thicknesses whereas
images of the 90 mm equivalent breast thicknesses were not of standard quality.
Chapter Summary

In summary, this chapter presented the various results of the measured
parameters in both tables and graphs. The results provides answers to the questions
that were set out to be solved. It also describes the relationship between the various
measurable quantities that were used to calculate the derived quantities in order to
draw reasonable conclusions. Furthermore it gives explains the modelled equations

and their implications on the mammography process.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Overview

Quality control of the mammography equipment is very important in the
imaging process to ensure that diagnostic outcomes are appropriate and treatment
is reliable. Without it, both patients and reporting radiologist may be led in a false
direction. This chapter presents summary of the findings from this study and its
associated recommendations.
Conclusions

The study was conducted to review the overall condition of mammography
practice in Ghana in order to suggest improvements in the practice. It involved
undertaking a comprehensive quality control test on mammography machines used
in Ghana. The results from the unit assembly evaluation show that the compression
paddle of two (2) out of the thirteen (13) systems was not functioning. None of the
13 facilities accessed had exposure chats to aid radiographers in their work.
DICOM header package was not installed on five (5) systems G, C, E, K. and L.
Results for tube voltage accuracy and repeatability, output linearity and
repeatability and half value layer measurement indicated satisfactory radiological
performance of the systems. System H failed the short term automatic exposure
control test whiles the test could not be performed on systems F and | due to
malfunction of the AEC system.

The compression force, compression thickness and compression alignment

were also assessed. Systems A — C, E, H — M, all passed the compression force
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(both manual and power) test. System G failed the power compression test. The test
was not performed on systems D because the system had no display force screen
and could not be performed on system F because the compression paddle was not
functioning. System F failed manual compression test. It was realised that even
though system | passed the test, the compression plate lacked the needed force to
compress the breast. One (1) system failed the compression test completely whiles
one (1) system failed the test for the 45 mm thick PMMA phantom. Values from
the compression alignment test Left Difference (rear — front) and Right Difference
(rear — front) were outside the tolerance limit of <5 mm. Their values represent
misalignment of the compression plate.

Quantitative image quality assessment was also conducted using ImageJ
software applying Albert Rose’s Model. DICOM images were not obtained from
systems C, E, G, K and L because the DICOM package was not installed on the
computer system as part of the purchasing agreement. Calculated values of signal
— to — noise ratio (SNR) show that the quality of images from system A, J and M
for all three thicknesses were of good quality. All images from the test on the 20
mm phantom were all of good quality. System B, F and H recorded good images
for the 45 mm phantom. Systems D and | recorded poor image quality for the 45
mm phantom. Images of the 70 mm phantom from systems B, D, F, H and | were
of poor quality.

Mean glandular dose delivered to the breast was also estimated using the
PMMA phantoms at different thicknesses. Results show that doses being received

are within the acceptable levels with the exception of systems A which recorded
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MGD values of 3.56 mGy and 4.68 mGy for the 60 mm and 75 mm equivalent
breast thicknesses and system L which recorded a MGD value of 4.95 mGy for the
75 mm equivalent breast thickness. Values obtained for the determination of
accuracy of dose delivered for FFDM systems show that the results were all within
acceptable limits. The MGD was also measured for the FFDM systems using the
ACR MAP and the results were consistent with ACR protocols. The diagnostic
reference levels based on PMMA was also established for a range of PMMA
thicknesses from 20 mm — 70 mm whose equivalent breast thickness is 21 mm — 90
mm. The values for the 45 mm PMMA phantom compare well with the 95th
percentile value for the DIMOND (Belgium) project.

Challenges

Some challenges were encountered during the study. These include:

(i) Refusal to be part of the study — some facilities mostly private ones refused
to be part of the study stating reasons such as lack of interest in the
outcome. This can be attributed to ignorance on the part of facility owners
and/or management on the need for quality control assessment on their
imaging systems.

(if) Broken down / non-functional equipment — some equipment were not
functioning due to reasons such as damaged X-ray tube and blown out
power systems.

(iii) Delays in approval process — with some facilities, the delays in the

approval process meant a delay in the start of the project.
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(iv) Insufficient funding — six out of the eight regions with Mammaography
equipment were covered. The insufficient funds for the project made it
impossible to travel the Brong Ahafo Region and the Northern Region.

Recommendations

The assessment of the performance of the mammography equipment in the
country as at December 2016 will help to improve on mammography practice in
Ghana. With the outcome of the study adequately presented, the following
recommendations are made:
(i) The Ministry of Health / Ghana Health Service

Firstly, among all the Centres used in this study and others that were not

used, there is currently no facility with an imaging centre that has a resident Medical
Physicist. As a start Medical Physicists should be employed at all Teaching
Hospitals and Regional Hospitals to ensure that quality control and quality
assurance checks on all imaging equipment (ionizing and non-ionizing) should be
performed. These Medical Physicists will be responsible to plan and execute a
schedule QC/QA activities in accordance with International timelines such as
weekly, monthly, quarterly, half — yearly and yearly. This will ultimately reduce
equipment run down time, ensure that correct radiation doses are delivered to

patients and adequate radiation protection of staff are ensured.

Secondly, purchase of medical imaging equipment should not be done
without the express involvement of a Medical Physicist as part of the purchasing

team.
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Finally, as part of purchase agreement of diagnostic medical imaging equipment,

phantoms for image quality and dosimetry assessment should be included.

(i) Nuclear Regulatory Authority (NRA)

The Authority should ensure that acceptance testing is conducted on
diagnostic radiology equipment post installation before the equipment is used for
clinical activities. The Authority should also liaise with the Ministry of Health to
ensure that the equipment is used for clinical activities who will be responsible for

their quality control and quality assurance programme.

(iii) To research community
Currently there is no diagnostic reference level in mammography in Ghana

based on patient data. Further to this work, this can be undertaken.
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APPENDICES

APPENDIX A
DATA SHEET FOR UNIT ASSEMBLY EVALUATION

Results Remarks
Parameter Yes/No  Pass/ Fail

w N

~N o o1 b~

10

11
12

13
14

15

16

Free standing unit is mechanically stable.
Indicator lights working properly

All moving parts move smoothly, without
obstructions to motion.

All locks and detents work properly.
Angulation indicators function properly

The compression plate is in good condition

The compression breast thickness scale (analog
or digital) is accurate and reproducible

The automatic compression release following
exposure functions correctly

The manual release of compression is possible
when power fails

The compression release override works
properly

The radiation shield for the operator is adequate
There are no sharp edges on the breast support
or compression paddle

The face guard is in place

Panel switches, Indicator lights and meters
working properly

Images contain institution ID, patient ID, image
acquisition time and date, and technique factors
etc.

DICOM header is populated correctly with
institution 1D, patient 1D, image acquisition
time and date, and technigue factors etc.

Unit assembly acceptable (Y/N)?
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APPENDIX B
RAW DATA FOR THE ESTIMATION OF KVP ACCURACY AND REPEATABILITY

MAMMOGRAPHY B C D E F G H I J K L M
SYSTEM

kvpl 27.37 27.36 27.44 27.40 28.09 28.20 27.85 27.76 28.71 28.10 28.07 27.41 27.10
kVp2 27.42 2735 27.45 27.30 28.21 28.16 27.66 27.04 28.89 28.21 28.04 27.38 27.66
Repeatability — 0.04 004 010 047 0214 069 270 063 039 010 021 210
Difference (%) 0.20
kVp3 27.43 27.65 27.49 27.30 28.20 28.17 27.65 27.28 28.72 28.11 28.04 27.44 27.55
kVpd 27.34 27.34 27.45 27.28 28.27 28.21 27.80 26.96 29.26 28.15 28.04 27.55 27.64
kVp5 27.34 27.39 28.00 27.30 28.19 28.17 2756 27.10 28.75 28.08 27.92 27.49 27.68
Mean kVp <kVp> 27.38 27.40 2757 27.30 28.19 28.18 27.70 27.20 28.76 28.13 28.02 27.45 27.53
Standard deviation (SD) 0.04 0.13 024 001 007 002 012 032 038 005 005 0.07 0.24
Repeatibility: COV (%) 0.20 050 088 010 023 008 043 118 132 021 021 025 0.88
Nominal kVp - Mean 060 043 070 019 018 030 080 076 013 0.02 055 047
kVp 0.62
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APPENDIX C
RAW AND PROCESSED DATA FOR THE ESTIMATION OF OUTPUT REPEATABILITY AND LINEARITY

MAMMOGRAPHY mAS
SYSTEM Average SD
ER1 ER2 ER3 ER4 ER5 value
40 3.858 3.872 3.858 3.852 3.854 3.869 0.007
A 80 8.279 8.278 8.279
120 11.700 11.680 11.690
40 2.520 2.434 2.406 2.405 2.406 2.400 0.00
B 80 4.584 4.580 4.582
130 7.859 7.863 7.861
40 5.319 5.368 5.368 5.230 5.362 5.33 0.059
C 80 10.70 10.80 10.75
125 16.68 16.70 16.69
40 3.602 3.600 3.599 3.597 3.600 3.600 0.002
D 80 7.228 7.228 7.228
120 11.28 11.27 11.275
40 4.625 4.530 4.536 4524 4515 4.546 0.045
E 80 9.056 9.049 9.053
120 14.12 14.05 14.09
40 4.219 4.228 4.220 4,219 4221 4221 0.004
F 80 8.582 8.582 8.582
125 13.48 13.37 13.43
40 3.410 3.375 3.331 3.368 3.379 3.373 0.028
G 80 6.801 6.732 6.767
125 10.63 10.64 10.635
H 40 4.508 4.500 4.505 4.488 4.501 4.500 0.008
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APPENDIX C continued

80
120
40
80
120
40
80
125
40
80
125
40
80
125
40
80
125

9.003
14.09
3.233
6.541
10.24
1.1514
3.028
4.715
1.479
3.187
4.960
1.500
2.991
4.677
1.414
2.848
4.417

9.020
14.12
3.239
6.530
10.21
1.515
3.035
4.715
1.478
3.185
4.967
1.499
2.995
4.674
1.418
2.841
4.419

3.238

1.513

1.507

1.496

1.415

3.241

1.515

1.405

1.497

1.417

3.240

1.513

1.508

1.500

1.414

9.012
14.105
3.238
6.536
10.24
1.514
3.032
4.715
1.475
3.186
4.964
1.498
2.993
4.676
1.416
2.845
4418

0.003

0.066

0.024

0.002

0.002
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APPENDIX C continued

Repeatibility: Difference (%) Repeatibility: COV ~ Output (Y1) Output (Y2) Output (Y3) Linearity
(%)
L1 L,
0.36 0.20 0.097 0.103 0.097 -0.48 0.01
3.50 2.00 0.060 0.057 0.060 3.03 2.71
0.92 1.11 0.133 0.134 0.133 -0.43 -0.32
0.10 0.050 0.100 0.100 0.100 -0.20 -0.08
2.10 0.99 0.114 0.113 0.117 0.22 1.83
0.21 0.09 0.106 0.107 0.107 -0.82 0.06
0.69 0.84 0.084 0.085 0.085 -0.16 0.29
0.18 0.17 0.113 0.082 0.082 -0.06 0.09
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APPENDIX C continued

0.19

0.10

0.10

0.10

0.28

0.10

0.10

2.84

0.12

0.13

0.081

0.038

0.037

0.038

0.035

0.082

0.038

0.040

0.037

0.036

0.082

0.038

0.040

0.037

0.035

-0.45

-0.06

-3.83

0.06

-0.23

0.14

-0.23

-0.15

-0.01

-0.30

147



APPENDIX D
RAW AND PROCESSED DATA FOR THE ESTIMATION OF SHORT TERM AUTOMATIC EXPOSURE CONTROL (AEC)

Tube Load (mASs)

Exposures A B C D E F G H I J K L M
1 8.3 12.2 12.6 12.0 3.1 - 70 507 - 1440 5.1 105.3 44.0
2 8.2 12.3 12.6 12.2 3.1 - 70 517 - 1470 5.0 105.2 46.0
3 8.2 12.3 12.7 12.0 3.0 - 70 523 - 1440 5.1 103.3 46.0
4 8.2 12.3 125 12.0 3.1 - 70 535 - 1440 5.1 103.3 46.0
5 8.3 12.2 12.3 12.2 3.0 - 70 534 - 1470 5.1 105.3 46.0
6 8.2 12.2 12.7 12.0 3.0 - 70 534 - 1440 5.1 107.3 44.0
7 8.3 12.3 12.7 12.0 3.0 - 70 540 - 1430 51 107.3 46.0
8 8.2 12.0 125 12.0 3.0 - 70 540 - 1430 5.0 107.2 46.0
9 8.2 12.2 12.3 12.2 3.1 - 70 540 - 1440 5.0 105.3 46.0
10 8.2 12.3 125 12.0 3.0 - 70 540 - 1470 5.1 105.3 44.0
Mean 823 1223 1254 1206 301 - 70 531 - 1447 507 10548 454
Maximum 830 12.30 12.7 12.2 3.1 - 70 540 - 1470 51 107.3 46.0
Minimum 8.20 12.00 12.3 12.0 3.0 - 70 507 - 1430 5.0 103.3 44.0

Deviation (%) 1.22 2.45 3.19 1.7 330 - 00 621 - 276 1.97 3.79 4.41
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RAW DATA FOR MEASURING AND ESTIMATING HALF VALUE LAYER

APPENDIX E

(HVL) FOR MAMMOGRAPHY SYSTEMS

Appendix E -1: Raw data for measuring and estimating HVL for
mammography system A

MEASURED HVL

CALCULATED HVL

23kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean

CcC

0.299

0.298

0.298

0.297

0.299
0.000837
0.30

cC

0.321

0.32

0.32

0.321

0.32
0.000548
0.32

cC

0.34

0.34

0.339

0.338

0.339
0.000837
0.34

CcC

0.357

0.357

0.358

0.356

0.358
0.000837
0.36

cC

0.373

0.373

0.374

0.374

0.377
0.001643
0.37

MLO
0.299
0.298
0.297
0.297
0.299
0.001

0.30

MLO
0.319
0.318
0.319
0.319

0.32

0.000707

0.32

MLO
0.34
0.339
0.34
0.34
0.399
0.026501
0.35

MLO
0.356
0.356
0.357
0.357
0.357

0.000548

0.36

MLO
0.373
0.373
0.372
0.373
0.372

0.000548

0.37

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL
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23
0.03

0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

Equation 12

kvp 23
Constant 0.19
HVL 0.42
Equation 12

kvp 25
Constant 0.19
HVL 0.44
Equation 12

kVp 27
Constant 0.19
HVL 0.46
Equation 12

kVp 29
Constant 0.19
HVL 0.48
Equation 12

kVp 31
Constant 0.19
HVL 0.50



Raw data for measuring and estimating HVL for mammography

system A continued

33 kVp

SD
Mean
35 kVp

SD
Mean

CC

0.39

0.388

0.39

0.389

0.39

0.0009

0.39

CcC

0.404

0.404

0.403

0.402

0.404
0.000894
0.40

MLO
0.389
0.389

0.39

0.39
0.389
0.000548
0.39

MLO
0.404
0.404
0.404
0.403
0.403

0.000548

0.40

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

33
0.03

0.36

35
0.03

0.38

Equation 12

kVp
Constant

HVL

Equation 12

kVp
Constant

HVL

33
0.19

0.52

35
0.19

0.54

Appendix E -2: Raw data for measuring and estimating HVL for

mammography system B

MEASURED HVL

CALCULATED HVL

23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

cc
0.361

0.362
0.361

0.362
0.362
0.00055
0.36

cCc
0.372

0.371
0.372

0.372
0.371
0.000548
0.37

CcC
0.381

0.381
0.381

MLO
0.362

0.361
0.361

0.362
0.362
0.00055
0.36

MLO
0.371

0.371
0.372

0.374
0.374
0.001517
0.37

MLO
0.380

0.382
0.382

Equation 11
kVp

Constant

HVL

Equation 11

kVp

Constant

HVL

Equation 11
kVp

Constant

150

23

0.03

0.26

25

0.03

0.28

27

0.03

Equation 12
kVp

Constant

HVL

Equation 12
kVp

Constant

HVL

Equation 12
kVp

Constant

23

27
0.1



SD
Mean

29 kVp

SD
Mean

31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

SD
Mean

0.382
0.382
0.000548
0.38

CC
0.358

0.359
0.358

0.358
0.359
0.000548
0.36

cC
0.378

0.377
0.378

0.379
0.377
0.000837
0.38

cC
0.394

0.394
0.395

0.392
0.393
0.0011
0.39

cC
0.409

0.407
0.408

0.409
0.408
0.000837
0.41

0.381
0.381
0.000837
0.38

MLO
0.360

0.359
0.359

0.358
0.360
0.00084
0.36

MLO
0.379

0.378
0.378

0.360
0.378
0.008173
0.37

MLO
0.395

0.395
0.395

0.394
0.394
0.000548
0.39

MLO
0.409

0.409
0.409

0.408
0.407
0.000894
0.41

HVL 0.30
Equation 11

kVp 29
Constant 0.03
HVL 0.32
Equation 11

kVp 31
Constant 0.03
HVL 0.34
Equation 11

kVp 33
Constant 0.03
HVL 0.36
Equation 11

kVp 35
Constant 0.03
HVL 0.38

HVL

Equation 12
kvp

Constant

HVL

Equation 12
kVp

Constant

HVL

Equation 12
kVp

Constant

HVL

Equation 12
kVp

Constant

HVL

151



Appendix E -3: Raw data for measuring and estimating HVL for
mammography system C

MEASURED HVL

CALCULATED HVL

23 kVp

SD

Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

CcC
0.299
0.298
0.299
0.299
0.299
0.00045

0.30

CcC
0.321
0.321
0.322
0.322
0.321
0.0005477
0.32

CcC

0.341

0.341

0.341

0.34

0.341
0.000447
0.34

CC

0.36

0.359

0.359

0.359

0.36
0.000548
0.36

CcC

0.377

0.376

0.377

0.376

0.377
0.000548
0.38

CcC

MLO
0.299
0.3
0.3
0.3
0.299
0.00055

0.30

MLO
0.322
0.322
0.322
0.321
0.322

0.0004472

0.32

MLO
0.342
0.342
0.342
0.342
0.341

0.000447
0.34

MLO

0.359

0.36

0.359
0.359
0.361
0.00089
0.36

MLO
0.377
0.377
0.377
0.376
0.377

0.000447
0.38

MLO

Equation 11
kvp
Constant

HVL

Equation 11
kVvp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11

152

23
0.03

0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

Equation 12

kVp 23
Constant  0.19
HVL 0.42
Equation 12

kVp 25
Constant  0.19
HVL 0.44
Equation 12

kVp 27
Constant  0.19
HVL 0.46
Equation 12

kVp 29
Constant 0.19
HVL 0.48
Equation 12

kVp 31
Constant  0.19
HVL 0.50
Equation 12



SD
Mean
35 kVp
cC

SD
Mean

0.393
0.393
0.392
0.395
0.393

0.0011

0.39

0.408
0.408
0.407
0.408
0.408

0.000447

0.41

0.394
0.394
0.393
0.393
0.393
0.000548
0.39

MLO
0.408
0.408
0.408
0.409
0.408

0.000447
0.41

kVp
Constant

HVL

Equation 11
kvp
Constant

HVL

33
0.03

0.36

35
0.03

0.38

kVp 33
Constant 0.19
HVL 0.52
Equation 12

kvp 35
Constant 0.19
HVL 0.54

Appendix E — 4: Raw data for measuring and estimating HVL for
mammography system D

MEASURED HVL

CALCULATED HVL

24 kVp
CcC
0.312
0.314
0.311
0.314
0.311
SD 0.001517
Mean 0.31
26 kVp
CcC
0.334
0.333
0.333
0.334
0.334
SD 0.000548
Mean 0.33
28 kVp
CcC
0.352
0.35
0.35
0.351
0.351
SD 0.000837
Mean 0.35
30 kVp

MLO
0.312
0.314
0.314
0.314
0.312

0.001095

0.31

MLO
0.335
0.334
0.334
0.334
0.335

0.000548

0.33

MLO
0.352
0.352
0.352
0.351

0.35

0.000894

0.35

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

153

0.03

0.27

26
0.03

0.29

28
0.03

0.31

Equation 12

kVp 24
Constant 0.12
HVL 0.36
Equation 12

kvp 26
Constant 0.12
HVL 0.38
Equation 12

kVp 28
Constant 0.12
HVL 0.40



CC

SD

Mean

32 kVp
CcC

SD

Mean

34 kVp
CcC

SD
Mean
35 kVp
CcC

SD
Mean

0.368
0.366
0.366
0.368
0.368

0.001095

0.37

0.384
0.383
0.384
0.383
0.383

0.000548

0.38

0.399
0.398
0.398
0.398
0.399
0.0005
0.40

0.405
0.405
0.404
0.403
0.405

0.000894

0.40

MLO
0.368
0.367
0.367
0.368
0.367

0.000548

0.36

MLO
0.384
0.383
0.383
0.383
0.384

0.000548

0.38

MLO
0.399
0.399
0.398
0.398
0.399

0.000548

0.40

MLO
0.405
0.405
0.404
0.404
0.405

0.000548

0.40

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

0.03

0.33

32
0.03

0.35

34
0.03

0.37

35
0.03

0.38

Equation 12

kVp 30
Constant 0.12
HVL 0.42
Equation 12

kVp 32
Constant 0.12
HVL 0.44
Equation 12

kvp 34
Constant 0.12
HVL 0.46
Equation 12

kVp 35
Constant 0.12
HVL 0.47

Appendix E — 5: Raw data for measuring and estimating HVL for
mammography system E

MEASURED HVL

CALCULATED HVL

23 kVp
cC

SD

Mean
25 kVp

0.299
0.298
0.299
0.299
0.299

0.00045

0.30

MLO
0.299
0.3
0.3
0.3
0.299
0.00055

0.30

Equation 11
kVp
Constant

HVL

154

0.03

0.26

Equation 12

kVp 23
Constant 0.19
HVL 0.42



SD
Mean
27 kVp

SD
Mean

29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

cC

0.321

0.321

0.322

0.322

0.321
0.000548
0.32

CcC

0.341

0.341

0.341

0.34

0.341
0.000447
0.34

cc

0.36

0.359

0.359

0.359

0.36
0.000548
0.36

cC

0.377

0.376

0.377

0.376

0.377
0.000548
0.38

cC

0.393

0.393

0.392

0.395

0.395
0.0013

0.39

cC
0.445
0.445
0.444
0.445
0.444

MLO
0.322
0.322
0.322
0.321
0.322

0.000447

0.32

MLO
0.342
0.342
0.342
0.342
0.341

0.000447

0.34

MLO

0.359
0.36
0.359
0.359
0.361
0.00089
0.36

MLO
0.377
0.377
0.377
0.376
0.377

0.000447

0.38

MLO
0.394
0.394
0.393
0.393
0.393

0.000548

0.39

MLO
0.444
0.446
0.444
0.445
0.445

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

155

0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

33
0.03

0.36

35
0.03

0.38

Equation 12

kvp 25
Constant 0.19
HVL 0.44
Equation 12

kVp 27
Constant 0.19
HVL 0.46
Equation 12

kVp 29
Constant 0.19
HVL 0.48
Equation 12

kvp 31
Constant 0.19
HVL 0.50
Equation 12

kVp 33
Constant 0.19
HVL 0.52
Equation 12

kVp 35
Constant 0.19
HVL 0.54



SD
Mean

0.000548 0.000837

0.44

0.44

Appendix E — 6: Raw data for measuring and estimating HVL for
mammography system F

MEASURED HVL

CALCULATED HVL

20 kVp

SD
Mean
23 kVp

SD
Mean
26 kVp

SD
Mean
29 kVp

SD
Mean
32 kVp

CcC

0.252
0.252
0.253
0.252
0.253

0.000548

CC

0.25

0.292
0.292
0.294
0.292
0.292

0.000894

cC

0.29

0.324
0.325
0.324
0.324
0.324

0.000447

cC

0.32

0.352
0.352
0.353
0.352
0.352

0.000447

CcC

0.35

0.377
0.377
0.378
0.377
0.377

MLO
0.254
0.254
0.253
0.253
0.254

0.000548

0.25

MLO
0.295
0.295

0.3

0.296

0.3
0.002588
0.30

MLO
0.324
0.324
0.324
0.325
0.325

0.000548

0.32

MLO
0.352
0.352
0.353
0.353
0.352

0.000548

0.35

MLO
0.377
0.377
0.377
0.378
0.377

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

156

0.03

0.23

23
0.03

0.26

26
0.03

0.29

29
0.03

0.32

32
0.03

0.35

Equation 12

kVp 20
Constant 0.12
HVL 0.32
Equation 12

kVp 23
Constant 0.12
HVL 0.35
Equation 12

kvp 26
Constant 0.12
HVL 0.37
Equation 12

kVp 29
Constant 0.12
HVL 0.41
Equation 12

kVp 32
Constant 0.12
HVL 0.44



SD
Mean
35 kVp

SD
Mean

0.000447
0.38

CcC

0.412

0.412

0411

0.412

0.412
0.0004

0.41

0.000447
0.38

MLO
0.412
0.413
0.413
0.413
0.412

0.000548

0.41

Equation 11
kVp
Constant

HVL

0.03

0.38

Equation 12

kVp 35
Constant 0.12
HVL 0.47

Appendix E — 7: Raw data for measuring and estimating HVL for

mammography system G

MEASURED HVL

CALCULATED HVL

20 kVp

SD
Mean
23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

cc
0.262
0.262
0.263
0.263
0.000577
0.26

cC
0.297
0.297
0.298
0.298
0.000577
0.30

cC
0.316
0.316
0.317
0.317
0.000577
0.32

cC
0.332
0.332
0.332
0.331
0.0005
0.33

cC

MLO
0.263
0.263
0.262
0.262

0.000577

0.26

MLO
0.299
0.299
0.299
0.298

0.0005
0.30

MLO
0.317
0.317
0.317
0.316

0.0005
0.32

MLO
0.333
0.333
0.332
0.333

0.0005
0.33

MLO

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11

157

0.03

0.23

23
0.03

0.26

25
0.03

0.28

27
0.03

0.30

Equation 12

kVp 20
Constant 0.12
HVL 0.32
Equation 12

kVp 23
Constant 0.12
HVL 0.35
Equation 12

kvp 25
Constant 0.12
HVL 0.37
Equation 12

kVp 27
Constant 0.12
HVL 0.39
Equation 12



0.348
0.348
0.348
0.347
SD 0.0005
Mean 0.35
31 kVp
CcC
0.364
0.364
0.364
0.365
SD 0.0005
Mean 0.36
33 kVp
CcC
0.378
0.378
0.378
0.377
SD 0.0005
Mean 0.38
35 kVp
CcC
0.393
0.393
0.393
0.394
SD 0.0005
Mean 0.39

0.349
0.349
0.348
0.348
0.000577
0.35

MLO
0.365
0.365
0.364
0.365

0.0005
0.36

MLO
0.379
0.379
0.379
0.378

0.0005
0.38

MLO
0.394
0.394
0.394
0.395

0.0005
0.40

kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

29
0.03

0.32

31
0.03

0.34

33
0.03

0.36

35
0.03

0.38

kVp 29
Constant 0.12
HVL 0.41
Equation 12

kVp 31
Constant 0.12
HVL 0.43
Equation 12

kVp 33
Constant 0.12
HVL 0.45
Equation 12

kvp 35
Constant 0.12
HVL 0.47

Appendix E — 8: Raw data for measuring and estimating HVL for
mammography system H

MEASURED HVL

CALCULATED HVL

20 kVp
CccC
0.256
0.256
0.255
0.256
SD 0.000500
Mean 0.26
23 kVp
ccC
0.297
0.297
0.296

MLO
0.256
0.255
0.256
0.255

0.000577

0.26

MLO
0.297
0.297
0.296

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

158

20
0.03

0.23

23
0.03

Equation 12

kvp 20
Constant 0.12
HVL 0.32
Equation 12

kvp 23
Constant 0.12



SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

SD
Mean

0.296
0.000577
0.29

CcC
0.319
0.319
0.318
0.318
0.000577
0.32

CcC
0.338
0.338
0.339
0.339
0.000577
0.34

cC
0.356
0.356
0.355
0.355
0.000577
0.36

cC
0.372
0.372
0.371
0.371
0.000577
0.37

cCc
0.387
0.388
0.387
0.388
0.0006
0.41

cC
0.402
0.402
0.401
0.402
0.0005
0.40

0.296
0.000577
0.30

MLO
0.318
0.318
0.318
0.319

0.0005
0.32

MLO
0.337
0.337
0.337
0.338

0.0005
0.34

MLO
0.355
0.355
0.355
0.356

0.0005
0.36

MLO
0.372
0.372
0.371
0.372

0.0005
0.37

MLO
0.387
0.387
0.387
0.388

0.0005
0.41

MLO
0.402
0.402
0.401
0.402

0.0005
0.40

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

33
0.03

0.36

35
0.03

0.38

HVL 0.35
Equation 12

kvp 25
Constant 0.12
HVL 0.37
Equation 12

kVp 27
Constant 0.12
HVL 0.39
Equation 12

kVp 29
Constant 0.12
HVL 0.41
Equation 12

kvp 31
Constant 0.12
HVL 0.43
Equation 12

kVp 33
Constant 0.12
HVL 0.45
Equation 12

kVp 35
Constant 0.12
HVL 0.47
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Appendix E — 9: Raw data for measuring and estimating HVL for
mammography system |

MEASURED HVL

CALCULATED HVL

23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

CcC
0.352
0.352
0.351
0.000577
0.35

CcC
0.393
0.393
0.392
0.000577
0.39

cC
0.415
0.415
0.415
0.0000
0.42

cC
0.431
0.432
0.431
0.000577
0.43

cC
0.446
0.445
0.446
0.000577
0.45

cC
0.461
0.461
0.461
0.0000
0.46

cC
0.475
0.476
0.475

MLO
0.354
0.354
0.355

0.000577

0.35

MLO
0.394
0.394
0.395

0.000577

0.39

MLO
0.415
0.415
0.416

0.000577

0.42

MLO
0.431
0.431
0.431
0.000

0.43

MLO
0.446
0.445
0.446

0.000577

0.45

MLO
0.461
0.461
0.461

0.0005
0.46

MLO
0.475
0.476
0.475

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

Equation 11
kVp
Constant
HVL

160

23
0.03
0.26

25
0.03
0.28

27
0.03
0.30

29
0.03
0.32

31
0.03
0.34

33
0.03
0.36

35
0.03
0.38

Equation 12

kvp 23
Constant  0.19
HVL 0.42
Equation 12

kVp 25
Constant  0.19
HVL 0.44
Equation 12

kVp 27
Constant  0.19
HVL 0.46
Equation 12

kvp 29
Constant  0.19
HVL 0.48
Equation 12

kvp 31
Constant  0.19
HVL 0.50
Equation 12

kVp 33
Constant 0.19
HVL 0.52
Equation 12

kvp 35
Constant 0.19
HVL 0.54



SD
Mean

0.000577  0.000577

0.48

0.48

Appendix E — 10: Raw data for measuring and estimating HVL for

mammography system J

MEASURED HVL

CALCULATED HVL

23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

CC

0.466
0.467
0.466
0.467
0.466

0.000548

cC

0.47

0.507
0.506
0.508
0.507
0.506

0.000837

CC

0.51

0.526
0.527
0.527
0.527
0.529

0.001095

CC

0.53

0.544
0.543
0.543
0.545
0.545

0.001000

cC

0.54

0.558
0.558
0.559
0.559

MLO
0.466
0.466
0.466
0.465
0.465

0.000548

0.47

MLO
0.506
0.507
0.506
0.507
0.506

0.000548

0.51

MLO
0.527
0.526
0.526
0.527
0.526

0.000548

0.53

MLO
0.543
0.542
0.542
0.542
0.543

0.000548

0.54

MLO
0.558
0.558
0.557
0.558

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

161

0.03

0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

Equation 12

kvp 23
Constant 0.3
HVL 0.53
Equation 12

kvp 25
Constant 0.3
HVL 0.55
Equation 12

kVp 27
Constant 0.3
HVL 0.57
Equation 12

kvp 29
Constant 0.3
HVL 0.59
Equation 12

kvp 31

Constant 0.3

HVL 0.61



SD
Mean
33 kVp

SD
Mean
35 kVp

SD
Mean

0.558
0.000548
0.56

CcC

0.576

0.576

0.576

0.577

0.577
0.0005

0.58

CcC

0.595

0.595

0.596

0.596

0.596
0.000548
0.60

0.557
0.000548
0.56

MLO
0.576
0.576
0.577
0.576
0.577

0.000548

0.58

MLO
0.596
0.596
0.595
0.595
0.595

0.000548

0.60

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

0.03

0.36

35
0.03

0.38

Equation 12
kVp 33
Constant 0.3
HVL 0.63
Equation 12
kVp 35

Constant 0.3

HVL 0.65

Appendix E — 11: Raw data for measuring and estimating HVL for

mammography system K

MEASURED HVL

CALCULATED HVL

23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

cC

0.466

0.467

0.466

0.467

0.466
0.000548
0.47

cCc

0.507

0.506

0.506

0.507

0.506
0.000548
0.51

cC
0.526
0.527
0.527

MLO
0.466
0.466
0.466
0.465
0.465

0.000548

0.47

MLO
0.506
0.507
0.506
0.507
0.506

0.000548

0.51

MLO
0.527
0.526
0.526

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant
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0.03

0.26

25
0.03

0.28

27
0.03

Equation 12

kvp 23
Constant 0.3
HVL 0.53
Equation 12

kVp 25
Constant 0.3
HVL 0.55
Equation 12

kVp 27

Constant 0.3



SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

SD
Mean

0.528
0.526
0.000837
0.53

cC

0.544

0.543

0.543

0.545

0.545
0.001000
0.55

cC

0.559

0.56

0.559

0.559

0.56
0.000548
0.56

cC

0.576

0.576

0.576

0.577

0.577
0.0005

0.58

cCc

0.596

0.597

0.596

0.597

0.596
0.000548
0.60

0.527
0.526
0.000548
0.53

MLO
0.543
0.543
0.544
0.544
0.543

0.000548

0.36

MLO
0.559
0.559
0.559
0.588
0.588

0.015884

0.57

MLO
0.577
0.577
0.577
0.576
0.576

0.000548

0.58

MLO
0.596
0.596
0.595
0.595
0.596

0.000548

0.60

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

0.30

29
0.03

0.32

31
0.03

0.34

33
0.03

0.36

35
0.03

0.38

HVL 0.57
Equation 12

kVvp 29
Constant 0.3
HVL 0.59
Equation 12

kvp 31
Constant 0.3
HVL 0.61
Equation 12

kVp 33
Constant 0.3
HVL 0.63
Equation 12

kvp 35

Constant 0.3

HVL 0.65

Appendix E — 12: Raw data for measuring and estimating HVL for

mammography system L

MEASURED HVL

CALCULATED HVL

23 kVp

CC
0.466
0.466

MLO
0.466
0.466

Equation 11
kVp
Constant
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23
0.03

Equation 12
kVp 23
Constant 0.3



SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

SD
Mean
33 kVp

SD
Mean
35 kVp

0.466
0.467
0.466
0.000447
0.47

CcC

0.51

0.51

0.509

0.509

0.509
0.000548
0.51

CC

0.53

0.53

0.531

0.53

0.531
0.000548
0.53

CcC

0.546

0.546

0.545

0.546

0.546
0.000447
0.55

CC

0.562

0.562

0.562

0.561

0.561
0.000548
0.56

CC

0.578

0.578

0.578

0.577

0.577
0.0005

0.58

CcC

0.466
0.466
0.467
0.000447
0.47

MLO
0.51
0.51
0.51
0.512
0.511
0.000894
0.51

MLO
0.53
0.53
0.531
0.531
0.53
0.000548
0.53

MLO
0.546
0.546
0.546

0.55
0.55
0.002191
0.55

MLO
0.561
0.561

0.56
0.56
0.56
0.000548
0.56

MLO
0.578
0.578
0.577
0.577
0.577

0.000548

0.58

MLO

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
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0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

31
0.03

0.34

33
0.03

0.36

HVL 0.53
Equation 12

kVp 25
Constant 0.3
HVL 0.55
Equation 12

kVp 27

Constant 0.3

HVL 0.57
Equation 12

kVp 29
Constant 0.3
HVL 0.59
Equation 12

kVvp 31
Constant 0.3
HVL 0.61
Equation 12

kVp 33
Constant 0.3
HVL 0.63
Equation 12



SD
Mean

0.597
0.597
0.588
0.588
0.587
0.005128
0.59

0.597 kvp

0.597 Constant

0.597

0.597 HVL

0.598
0.000447

0.60

35
0.03

0.38

kVp 35
Constant 0.3

HVL 0.65

Appendix E — 13: Raw data for measuring and estimating HVL for

mammography system M

MEASURED HVL

CALCULATED HVL

23 kVp

SD
Mean
25 kVp

SD
Mean
27 kVp

SD
Mean
29 kVp

SD
Mean
31 kVp

cC

0.466

0.467

0.466

0.467

0.466
0.000548
0.30

cCc
0.51
0.51
0.512
0.512
0.511
0.001
0.51

cC

0.531

0.53

0.531

0.53

0.53
0.000548
0.53

cC

0.546

0.546

0.545

0.546

0.545
0.000548
0.55

MLO Equation 11
0.466 kVp
0.467 Constant
0.466
0.466 HVL
0.467

0.000548
0.30

MLO Equation 11

0.51 kVp

0.51 Constant
0.512

0.512 HVL
0.511

0.001

0.51

MLO Equation 11
0.34 kvp
0.339 Constant
0.34
0.34 HVL
0.399

0.026501
0.35

MLO Equation 11
0.356  kVp
0.356 Constant
0.357
0.357 HVL
0.357

0.000548
0.36
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0.03

0.26

25
0.03

0.28

27
0.03

0.30

29
0.03

0.32

Equation 12

kVp 23
Constant 0.3
HVL 0.53
Equation 12

kVp 25
Constant 0.3
HVL 0.55
Equation 12

kVp 27

Constant 0.3

HVL 0.57
Equation 12
kVp 29

Constant 0.3

HVL 0.59



SD
Mean
33 kVp

SD
Mean
35 kVp

SD
Mean

cC

0.562

0.561

0.562

0.562

0.562
0.000447
0.56

CcC

0.576

0.576

0.576

0.577

0.577
0.0005

0.58

cc

0.59

0.588

0.588

0.59

0.59
0.001095
0.59

MLO
0.373
0.373
0.372
0.373
0.372

0.000548

0.37

MLO
0.389
0.389

0.39

0.39
0.389
0.000548
0.39

MLO
0.404
0.404
0.404
0.403
0.403

0.000548

0.40

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

Equation 11
kVp
Constant

HVL

31
0.03

0.34

33
0.03

0.36

35
0.03

0.38

Equation 12

kVp 31
Constant 0.3
HVL 0.61
Equation 12

kVvp 33
Constant 0.3
HVL 0.63
Equation 12

kvp 35

Constant 0.3

HVL 0.65
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APPENDIX F

RAW DATA FOR THE ESTIMATION OF COMPRESSION FORCE

Compression mode

Automatic

Manual

Mammography Maximum force Displayed force Maximum force Displayed force
systems measured (N) value (N) measured (N) value (N)

A 186 176 196 186
B 166.96 174 156.96 160
C 175 190 215 200
D 170 - 200 -

E 110 110 200 200
F N/A N/A 170 800
G 140 110 220 210
H 220 214 140 130
I 20 30 110 120
J 150 152 200 197
K 190 185 220 226
L 170 165 200 196
M 161 170 177 160
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APPENDIX G
RAW DATA FOR THE ESTIMATION OF COMPRESSION THICKNESS

Mammaography PMMA thickness (mm)
systems 20 45 70
Measured Displayed Measured Displayed Measured Displayed
thickness thickness thickness thickness thickness thickness
(mm) (mm) (mm) (mm) (mm) (mm)
A 20 16 43 40 68 65
B 21 23 44 48 72 73
C 20 15 40 45 70 69
D 195 - 44 - 68 -
E 23 20 48 45 68 70
F 21 25 44 45 70 70
G 10 21 45 35 70 59
H 20 18 44 38 68 63
| 24 21 48 45 71 70
J 18 14 44 40 69 66
K 18 14 41 37 67 63
L 20 17 45 41 68 65
M 20 18 45 43 69 66
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APPENDIX H

RAW DATA FOR THE ESTIMATION OF COMPRESSION ALIGNMENT

Mammaography Compression alignment accuracy (mm)
systems Rear Left Front Left Rear Right  Front Right
A 32 34 31 34
B 44 46 45 46
C 35 40 35 41
D 19 18 20 17
E 40 49 40 49
F 78 77 77 75
G 43 48 47 51
H 40 44 41 44
| 48 49 47 48
J 45 45 45 47
K 39 42 41 42
L 40 41 41 42

M 51 53 52 52
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APPENDIX |
RAW DATA FOR DETERMINING IMAGE QUALITY

Mammaography A B

system

PMMA 20 45 70 20 45 70
THICNESS

(mm)

MPV STDEV MPV STDEV MPV STDEV MPV STDEV MPV STDEV MPV STDEV

AL 44.06 1.18 49.31 125 10453 194 80.449 0.053 104405 9.245 92.198 6.589
PMMA BKG -

1 55.20 1.24 59.99 1.40 11850 2.08 32276 4.439 63378 6.459 65.582 5.291
PMMA BKG -

2 55.39 1.23 58.92 1.38 11652 2.06 36.864 5402 70.036 7.907 74.828 7.362
PMMA BKG -

3 54.65 1.26 60.10 138 11835 2.05 35409 5188 58.693 5559 71344 6.722
PMMA BKG -

4 55.61 1.26 59.33 140 11782 211
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APPENDIX | continued

Mammography
system

D

PMMA
THICNESS
(mm)

20

45

70

20

45

70

MPV

STDEV MPV STDEV

MPV

STDEV

MPV

STDEV

MPV

STDEV

MPV

STDEV

AL

PMMA BKG -
I}’MMA BKG -
E’MMA BKG -
:F%’MMA BKG -
4

156.92

94.91

106.88

98.427

91.11

10.30

8.39

9.44

941

7.97

118.53

80.59

72.14

83.03

88.64

16.06

1411

12.86

14.45

15.14

98.71

99.04

99.15

98.99

97.43

2421

8.499

8.457

8.459

8.457

3196.68

2740.93

2357.48

2194.84

2434.52

48.528

64.747

64.034

59.612

62.105

2195.367

1825.204

1574.941

1388.768

1624.215

122.47

107.075

97.987

88.257

100.241

2679.49

2124.90

2474.69

2177.27

1318.90

223.02

218.94

219.37

227.31

312.17
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APPENDIX | continued

Mammography
system

PMMA 20

THICNESS
(mm)

45

70

20

45

70

MPV

STDEV  MPV

STDEV

MPV

STDEV

MPV

STDEV

MPV

STDEV

MPV

STDEV

AL 2180.7
PMMA BKG -

1 2901.875
PMMA BKG -

2 2763.856
PMMA BKG -

3 3050.376
PMMA BKG -

4 3084.298

79.79

58.879

77.165

52.215

52.4

2955.30

3260.21

3205.46

3378.68

3426.44

175.56

129.835

139.552

111.304

110.651

2958.783

3258.026

3231.962

3374.058

3419.145

173.536

130.147

133.843

111.698

108.159

125.122

43.985

53.83

47.549

44.739

13.677

6.13

8.34

6.776

6.424

109.423

68.918

87.091

72.956

75.616

12.026

9.088

12.657

9.778

10.164

114.839

91.778

102.337

93.082

103.978

25.03

20.812

23.348

21.166

23.08
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APPENDIX | continued

Mammography J M
system
PMMA 20 45 70 20 45 70
THICNESS
(mm)

MPV  STDEV MPV STDEV MPV STDEV MPV STDEV MPV STDEV MPV STDEV
AL 208.55 4.004 154.556 3.62 150.871 3.403 324533 102.402 1160.521 96.153 1180.982  98.996
PMMA BKG -
1 136.79 4916 115.195 4.041 118.286 3.607 1625.6 126.375 1774542 102.829 1731.064 107.41
PMMA BKG -
2 128.28 5.085 112.527 3.673 115.104 3.802 1714.74 144331 1759.173 106.664 1717.251 104.72
PMMA BKG -
3 124.88 4,624 113.421 3.748 117.693 4256 1708.738 134.628 1795.035 110.635 1782.618 103.208
PMMA BKG -
4 128.48 4611 117.152 3.563 121.599 3.618 1618.39 134.873 1703.206 105.512 1741.416 105.124
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APPENDIX J
RAW DATA FOR ESTIMATION OF MEAN GLANDULAR DOSE

Appendix J-1: Raw data for estimation of mean glandular dose for mammography

system A
Equivalent Output  ESAK Iy D, (D2)? l2
Brest

thickness /
cm
2.1 0.045 0.55035 0.55035 62.9 3956.41 0.587712
3.2 0.08296  2.65472 2.65472 61.8 3819.24 2.93676
4.5 0.08302 5.23026 5.23026 60.5 3660.25 6.037251
5.3 0.08302 7.314062 7.314062 59.7 3564.09 8.670351
6.0 0.08296 16.01128 16.01128 59 3481 19.4334
7.5 0.08286 24.94086 24.94086 57.5 3306.25 31.8715
9.0 0.08286 39.44136 39.44136 56 3136  53.13767

NB: D1= 65 cm and (D1)? = 4225 cm?

Appendix J-2: Raw data for estimation of mean glandular dose for mammography

system B

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm
2.1 0.042 1.134 1.134 57.9 335241 1.217751
3.2 0.04232 1.60816 1.60816 56.8 3226.24 1.794465
4.5 0.04226  2.49334  2.49334 55,5 3080.25 2.914057
5.3 0.04218 4.09146  4.09146 54.7 2992.09 4.922732
6.0 0.04232 6.00944 6.00944 54 2916  7.419062
7.5 0.04092 9.53436 9.53436 525 2756.25 12.4530
9.0 0.04984 15.89896 15.89896 51 2601  22.00548

NB: D1 =60 cm and (D1)?= 3600 cm?
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Appendix J-3: Raw data for estimation of mean glandular dose for mammography

system C

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm
2.1 0.12 0.468 0.468 57.9 3352.41 0.502564
3.2 0.12184 3.16784 3.16784 56.8 3226.24 3.534834
4.5 0.122 6.466 6.466  55.5 3080.25 7.557049
5.3 0.10884 9.36024 9.36024 54.7 2992.09 11.26198
6.0 0.10898 12.85964 12.85964 54 2916 15.8761
7.5 0.12164 2153028 21.53028 52.5 2756.25 28.12118
9.0 0.1084 30.894 30.894 51 2601  42.75986

NB: D1 = 60 cm and (D1)? = 3600 cm?

Appendix J-4: Raw data for estimation of mean glandular dose for mammography

system D
Equivalent Output  ESAK Iy D (D2)? I2
Brest
thickness /
cm
2.1 0.069 0.71745 0.71745 63.9 4083.21 0.769342

3.2 0.082373 2.476907 2.476907 62.8 3943.84 2.755353
4.5 0.082427 4.729867 4.729867 61.5 3782.25 5.502786
5.3 0.078013 6.921921 6.921921 60.7 3684.49 8.285022
6.0 0.078087 11.62679 11.62679 60 3600  14.24285
7.5 0.081807 18.6685  18.6685 58.5 3422.25 24.14857
9.0 0.080367 28.74477 28.74477 57 3249  39.30101

NB: D1 =66 cm and (D1)?= 4356 cm?
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Appendix J-5: Raw data for estimation of mean glandular dose for mammography

system E

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm
2.1 0.0979 1.4685 14685 57.9 335241 0.672584
3.2 0.1034 3.102 3.102 56.8 3226.24 3.461367
4.5 0.10266  5.03034 5.03034 55.5 3080.25 5.879141
5.3 0.10378  6.2268 6.2268 54.7 2992.09 7.491914
6.0 0.10322 7.84472 7.84472 54 2916 9.68484
7.5 0.10306 11.3366 11.3366 52.5 2756.25 14.80699
9.0 0.10336 17.36448 17.36448 51 2601  24.03388

NB: D1 = 60 cm and (D1)? = 3600 cm?

Appendix J-6: Raw data for estimation of mean glandular dose for mammography

system F

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm
2.1 0.03626 0.951825 0.951825 63.9 4083.21 1.015414
3.2 0.05524  2.2096 2.2096 62.8 3943.84 2.440519
4.5 0.06748 3.374 3.374 615 378225 3.88582
5.3 0.07722 3.861 3.861 60.7 3684.49 4.56468
6.0 0.0982 6.1866 6.1866 60 3600  7.485786
7.5 0.1265 7.9695 7.9695 585 3422.25 10.14395
9.0 0.1604 12.832 12.832 57 3249  17.20412

NB: D1=66 cm and (D1)? = 4356 cm?

176



Appendix J-7: Raw data for estimation of mean glandular dose for mammography

system G

Equivalent ~ Output  ESAK Iy D, (Dy)? l2

Brest

thickness /

cm
2.1 0.086 1.72 1.72 63.9 4083.21 1.834909
3.2 0.08746  3.41094 3.41094 62.8 3943.84 3.767408
4.5 0.08714 5.05412 5.05412 615 3782.25 5.820807
53 0.08776  6.84528 6.84528 60.7 3684.49 8.092854
6.0 0.08692 9.30044 9.30044 60 3600  11.25353
7.5 0.0868  12.7596 12.7596 58.5 3422.25 16.24102
9.0 0.08714 23.17924 23.17924 57 3249  31.07688

NB: D1=66 cm and (D1)?= 4356 cm?

Appendix J-8: Raw data for estimation of mean glandular dose for mammography

system H

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm
2.1 0.11378 2.61694 2.61694 62.9 3956.41 2.794597
3.2 0.11482 4.0187 40187 61.8 3819.24 4.445651
4.5 0.1148 4.7642 47642 60.5 3660.25 5.499281
5.3 0.11446  6.2953 6.2953 59.7 3564.09 7.462674
6.0 0.11544 8.658 8.658 59 3481  10.50849
7.5 0.1155 16.632 16.632 57.5 3306.25 21.25375
9.0 0.11524 30.88432 30.88432 56 3136  41.60914

NB: D1= 65 cm and (D1)?= 4225 cm?
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Appendix J-9: Raw data for estimation of mean glandular dose for mammography

system |
Equivalent Output  ESAK Iy D, (D27 l2
Brest

thickness /
cm
2.1 0.0562 1.2926 1.2926 629 3956.41 1.380351
3.2 0.05728  2.5776 25776 61.8 3819.24 2.851447
4.5 0.0572 3.5464 3.5464 605 3660.25 4.093584
5.3 0.0579 5.0952 50952 59.7 3564.09 6.040033
6.0 0.05792  7.18208 7.18208 59 3481  8.717118
7.5 0.05684 9.54912 954912 575 3306.25 12.20266
9.0 0.0563  16.0455 16.0455 56 3136  21.61742

NB: D1 = 65 cm and (D1)? = 4225 cm?

Appendix J-10: Raw data for estimation of mean glandular dose for

mammography system J

Equivalent Output  ESAK Iy D, (D2)? P

Brest

thickness /

cm
2.1 0.03802  2.0911 2.0911 62.9 3956.41 2.233059
3.2 0.03818  3.0544 3.0544 61.8 3819.24 3.378903
4.5 0.03818 5.23066 5.23066 60.5 3660.25 6.037713
5.3 0.03816  4.31208 4.31208 59.7 3564.09 5.111694
6.0 0.037782 4.647208 4.647208 59 3481 5.640464
7.5 0.0382 17.6866 17.6866 57.5 3306.25 22.6014

9.0 0.03826  9.52674  9.52674 56 3136 12.83497
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Appendix J-11: Raw data for estimation of mean glandular dose for
mammography system K

Equivalent Output  ESAK Iy D, (D2)? I2

Brest

thickness /

cm

2.1 0.038373 2.11049 2.11049 61.8 3819.24 2.334711
3.2 0.04236 3.3888 3.3888 60.5 3660.25 3.911667
4.5 0.04236 3.3888 3.3888 60.5 3660.25 3.911667
5.3 0.044843 3.901353 3.901353 59.7 3564.09 4.624804
6.0 0.04574  4.43678  4.43678 59 3481 5.38506

7.5 0.044745 5.727373 5.727373 57.5 3306.25 7.318911
9.0 0.05206 8.5899 8.5899 56 3136 11.57281

NB: D1 = 65 cm and (D1)? = 4225 cm?

Appendix J-12: Raw data for estimation of mean glandular dose for
mammography system L

Equivalent Output  ESAK Iy D, (D2)? P
Brest

thickness /

cm

2.1 0.03858  1.46604 1.46604 62.9 3956.41 1.565566
3.2 0.037922 3.071647 3.071647 61.8 3819.24 3.397982
4.5 0.037882 3.788235 3.788235 60.5 3660.25 4.372732
5.3 0.03858  4.0509 4.0509 59.7 3564.09 4.802082
6.0 0.037922 4.323059 4.323059 59 3481 5.247033
7.5 0.037882 7.424941 7.424941 57.5 3306.25 9.488205
9.0 0.037922 9.442471 9.442471 56 3136 12.72144

NB: D1= 65 cm and (D1)?= 4225 cm?
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Appendix J-13: Raw data for estimation of mean glandular dose for
mammography system M

Equivalent Output  ESAK l1 D. (D2)? I2

Brest

thickness /

cm

2.1 0.038 1.52 1.52 62.9 3956.41 1.623189
3.2 0.037902 2.728941 2.728941 61.8 3819.24 3.018867
4.5 0.03862 4.20958 4.20958 60.5 3660.25 4.859088
5.3 0.037922 3.981765 3.981765 59.7 3564.09 4.720127
6.0 0.03868  4.48688 4.48688 59 3481 5.445868
7.5 0.03798 6.646569 6.646569 57.5 3306.25 8.493536
9.0 0.03864 19.62912 19.62912 56 3136 26.44548

NB: D1= 65 cm and (D1)? = 4225 cm?
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