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SYNOPSIS 

 Mammography is one of the leading imaging modality for detecting breast cancer 

among women. Over the past two decades, the Asia-Pacific region has experienced a rapid 

rise in the annual incidence and mortality from breast cancer than the western countries. Rise 

in breast cancer incidences has introduced many new technologies based mammography 

systems into the country including refurbished and phased out machines imported from the 

developed countries like USA, UK and Japan. However, the imaging and dosimetric studies 

on such systems are neither conducted by the supplier nor by the user which is a gap area 

required to be attended. Hence, it is essential to study the imaging capabilities of both 

conventional and advanced mammography systems. In addition, it is also important to 

estimate the radiation dose delivered during mammography procedures and optimize the 

technique so that the radiation risk can be minimized without affecting the image quality. 

Thus, the main objectives of the thesis work were: (i) to evaluate the sensitometric 

characteristics of commonly used mammography film with varying temperature and time and 

optimize the processing conditions, (ii) thoroughly analyze the image quality of digital 

mammography systems and establish the relation between image quality and mean glandular 

dose simulating the clinical situations, and (iii) to conduct a detailed study on the upcoming 

phase contrast imaging modality using synchrotron radiation source and compare its 

performance with absorption contrast imaging modalities. The additional objective of the 

thesis work was to develop a mammography imaging and dosimetry phantom as import 

substitute and demonstrate its suitability in the quality assurance (QA)/quality control (QC) of 

mammography systems.  
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 A variety of image receptors are used in mammography with the progressive advent of 

imaging technologies. In the early days, mammography was performed with non-screen, 

direct exposure film which has produced low contrast images at higher radiation dose to 

patients. Also, it is reported that mammography screening examinations in the 1950s and 

1960s, did not provide any useful benefits in the early detection of breast cancer because of 

the poor image quality. In the 1970s and 1980s, mammography using Xeroradiographic 

process became very popular as it was capable of producing breast images of good spatial 

resolution and edge-enhancement. However, this technique was also producing images with 

relatively poor contrast sensitivity coupled with higher radiation dose in comparison to the 

technologically advanced screen-film mammography (SFM) system which led to the demise 

of the Xeroxmammography in the late 1980s. Continuous developments in imaging 

technology have vastly improved mammography over last 35 years starting form screen-film 

to digital images.  

 Digital mammography technology offers simplified archival, retrieval and 

transmission of images, reduction in mean glandular dose (MGD), higher patient workflow 

and improved diagnostic accuracy (Skaane 2010, Tabar 2012). Computed radiography (CR) 

and direct radiography (DR) have many similarities as both technologies produce digital 

images within seconds of exposure that can be enhanced for soft copy diagnosis or further 

review. CR generally involves the use of a cassette that houses the imaging plate, similar to 

traditional film-screen systems, to record the image whereas DR typically captures the image 

directly onto a flat panel detector without the use of a cassette. Digital detectors with lower 

spatial resolution than film also appear to improve lesion conspicuity through their improved 

efficiency of absorption of x-ray photons, a linear response over a wide range of radiation 

http://en.wikipedia.org/wiki/Direct_Radiography
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intensities and low system noise (Tabar 2012). In addition, post-processing software can be 

utilized to assist the radiologist in evaluating the images for suspicious findings by altering 

contrast and brightness automatically or manually. Also in digital mammography system, the 

images can be displayed in hard and softcopy formats. 

 Although conventional mammography systems, which are based on absorption 

imaging, can produce good contrast for the samples having high subject contrast. But the 

same is not true when the absorption imaging is used for the samples having low subject 

contrast which is the case of soft tissues found within the breast. Hence, the concept of phase 

based imaging was brought forth. In this method of imaging, changes in phase of x-rays 

passing through the samples are measured when spatially coherent sources (e.g. microfocus 

and synchrotron radiation) are used. The phase change process of the x-ray beam passing 

through the samples can be described using a complex index of refraction, n=1- δ- iß, where ß 

describes the absorption of x rays and δ is associated with the phase-shift due to refractive 

effects. 

 At typical mammography x-ray energies, the phase-shift term can be up to1000 times 

greater than the absorption term which is of the order of 10-7, compared to 10-10 (Fitzgerald 

2000). Thus, it may be possible to observe phase contrast when absorption contrast is 

undetectable. Different relative phases are produced when x-rays pass through regions of 

differing δ. These phase differences are detected by the various x-ray phase contrast techniques. 

In recent years, use of synchrotron radiation (SR) is increasing globally in the medical 

imaging due to the advent of x-ray phase contrast imaging (XPCI) technology (Fitousi et al 

2012, Bradley et al 2007, Munro et al 2010).  XPCI has shown the great potential with respect 

to improved visibility contrast while examining the soft tissues of the breast (Miao et al 
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2005). XPCI can be realized by three methods namely, propagation, interference and analyzer 

based and present study employs the propagation method for producing phase contrast. Under 

XPCI technique, an air gap between the object and the detector is established to transform the 

phase gradients generated by the interference of x-rays having different phase shifts into 

intensity gradient on the image (Dreossi et al 2008, Matsuo et al 2005, Weon et al 2006). 

However, various types of detectors employed in mammography require specific amount of 

radiation for good quality images to be produced. Hence, proper evaluation of mammography 

equipment is necessary to maintain a balance between image quality and patient dose. 

Therefore, this thesis aims at evaluating the various image quality and dosimetry 

parameters responsible for reducing the radiation risk to patients when examined with low 

energy x-ray based conventional and advanced mammography imaging system. 

 Under this thesis work, mammography film commonly used in India has been 

evaluated for its sensitometric characteristics (Hurter and Driefield (H&D) curve) at different 

processing temperature and time. As sensitometric characteristics of the film affects the image 

quality and patient doses in SFM. To evaluate the actual clinical patient doses, it is highly 

recommended that phantoms made up of breast tissue equivalent material are to be used 

(Craig et al 2001, ACR 1999, NCS 6 1993). Hence, a polymethyl methacrylate (PMMA) 

phantom was developed and characterized for its use in mammography system. In India, 

screen-film mammography is gradually being replaced by digital mammography systems 

mainly in urban areas of the country due to its several advantages over SFM. It was required 

to conduct a systematic study on digital mammography system to evaluate its performance 

from the image quality and dosimetry point of view. Also in this thesis work in-phantom 

imaging studies were carried out at Indian synchrotron facility RRCAT, Indore to compare 
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the x-ray phase contrast and absorption contrast to explore the feasibility of using synchrotron 

radiation in mammography. The thesis comprises six chapters including introductory details 

and summary of the work. 

 Chapter 1 provides details about various breast imaging modalities including 

mammography for breast cancer detection. Among all imaging modalities, technical features 

of the mammography system with its component are discussed in detail. Breast anatomy and 

physiology is explained as this is required for accurate diagnosis and selection of effective 

mode of treatment for breast disease including cancer. Types of breast cancers are explained 

considering their origin within the various breast tissues. Review on breast cancer incidences 

in India is discussed in some detail. Historical development of mammography system is 

summarized keeping focus on various image receptors e.g. screen-film, computed radiography 

(CR) and flat panel based digital detectors. Imaging methodologies applied in x-ray 

absorption and phase imaging is given in this chapter. Also types of x-ray interaction with 

matter are explained in some detail as these interactions are responsible for producing a 

mammogram and the radiation dose to patients in mammography. Additionally, various image 

quality parameters used in mammography have been provided in this chapter. Finally, 

quantities and units applied in mammography dosimetry are explained.  

 Chapter 2 describes the detailed study performed on a Kodak MinR-2000 

mammography film to evaluate its sensitometric parameters and their influence on image 

quality and patient doses. This film was selected based on its vast use in most of the 

mammography centers located in Mumbai area (Sharma et al 2012). The sensitometric 

parameters like base plus fog level (B+F), maximum optical density (ODmax), average 

gradient (AG) and speed of the film at varying development temperature and time were 
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evaluated using a calibrated light sensitometer (X-Rite, Michigan, USA). Total 33 film strips 

were cut from a single Kodak MinR-2000 mammography film box, and exposed using a light 

sensitometer operated in the green light spectrum to produce 21-step sensitometric strips. 

These exposed film strips were processed at 32 to 370 C in the step of 10 C temperature and 

processing time was also varied from1 to 6 minutes in the step of 1 minute. This study shows 

that the measured base plus fog level of the mammography film was not affected appreciably 

whereas significant changes were seen in the ODmax, AG and speed with varying development 

temperature and time.  The ODmax values of the studied film were found in the range of 3.67 - 

3.76, AG in the range of 2.48 - 3.4 and speed in the range of 0.015 - 0.0236 when processing 

temperature was varied from 32 to 370C. With processing time variation from 1 to 6 minutes, 

the observed changes in ODmax values were in the range of 3.54 - 3.71, AG in the range of 

2.66 - 3.27 and speed in the range of 0.011 - 0.025. Recommendations were provided for 

optimum processing conditions to be used for the studied mammography film on the basis of 

our work. Similar studies for various types of mammography films will be helpful in deciding 

the onset processing conditions to be used by the automatic film processors. 

 Chapter 3 deals with the development of a mammography imaging and dosimetry 

phantom as import substitute to demonstrate its suitability in the quality assurance 

(QA)/quality control (QC) of mammography systems. Phantom based measurements in 

mammography are well established for QA and QC procedures involving equipment 

performance and comparisons of x-ray machines of different models. Polymethyl 

methacrylate (PMMA) is among the best suitable materials for simulation of the breast 

(Dance et al 1999, Thilander-Klang1997). Hence for carrying out QA/QC exercises in various 

mammography centers of India, a mammographic PMMA phantom with engraved slots for 
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keeping thermoluminiscence dosimeters (TLD) has been developed. The radiation 

transmission property of this phantom was compared with commercially available similar 

phantoms for verifying its suitability for mammography dosimetry. The breast entrance 

exposure (BEE), mean glandular dose (MGD), percentage depth dose (PDD), percentage 

surface dose distribution (PSDD), calibration testing of automatic exposure control (AEC) 

and density control function of a mammography machine were measured using this phantom. 

MGD was derived from the measured BEE following two different methodologies and the 

results were compared. The PDD and PSDD measurements were carried out using LiF: Mg, 

Cu, P chips. The difference in the MGD values derived using two different methods were 

found in the range of 17.5 to 32.6%. Measured depth ranges in the phantom lies between 

0.32-0.40 cm for 75% depth dose, 0.73-0.92cm for 50% depth dose and1.54-1.78 cm for 25% 

depth dose. Higher PSDD value was observed towards chest wall edge side of the phantom 

which is due to the orientation of cathode-anode axis along chest wall to nipple direction. 

Results obtained for AEC configuration testing shows that the observed mean optical density 

(OD) of the phantom image was 1.59 and O.D difference for every successive increase in 

thickness of the phantom was within ±0.15 O.D. Under density control function testing, at -2 

and -1 density settings, the variation in O.D was within ±0.15 O.D of the normal density 

setting ‘0’. And at +2 and +1 density setting the measured O.D was within ±0.30.The in-

house developed phantom was found comparable with the commercially available phantoms 

and the outcome of the study indicates that the locally made PMMA TLD slot phantom can be 

used to measure various QC parameter of different mammography systems. 

 Chapter 4 provides details of imaging and dosemetric studies carried out for a direct 

flat panel detector based digital mammography system. Image quality characterization of any 
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x-ray based imaging system is evaluated by measuring three primary physical parameters: 

contrast, resolution and noise (Andrew and Srinivasan 2012). Various imaging metrics such 

as CNR, contrast detail resolution, MTF and NPS were evaluated following the European 

guidelines.  Also, system performance relating to both image quality and doses were 

evaluated using figure of merit (FOM) in terms of CNR2/MGD under automatic exposure 

control (AEC) and clinically used OPDOSE operating mode. Under AEC mode, FOM values 

for the 4.5 cm thick BARC PMMA phantom were found to be 15.02, 15.88 and 19.82 at 

Mo/Mo, Mo/Rh and W/Rh target/filter (T/F) of respectively. Under OPDOSE mode, FOM 

values were found to 65.32, 11.80 and 1.14 for the BARC PMMA phantom thickness of 2, 4.5 

and 8 cm respectively. Under OPDOSE mode, the calculated MGD values for three CIRS slab 

phantoms having total thickness of 7.0 cm were observed to be 3.03, 2.32 and 1.75 mGy with 

glandular/adipose tissue compositions of 70/30, 50/50 and 30/70 respectively. Whereas for 2 

to 8 cm thick BARC PMMA phantom, calculated MGDs were found to be in the range of 

0.57 to 3.32 mGy. Detailed dosemetric studies were also performed on the digital 

mammography system by evaluating mean glandular doses (MGDs) using several 

mammography phantoms made up of breast tissue equivalent materials. All the calculated 

MGDs values were found to be lower than the acceptable level of dose limits provided in 

European guidelines. 

 Chapter 5 contains details about the feasibility studies of using synchrotron radiation 

in mammography imaging. The use of synchrotron radiation in medical imaging has shown 

great potential for improving soft tissue image contrast especially in case of breast. Advanced 

imaging technique using SR have been explored by carrying out x-ray phase contrast imaging 

studies in mammography at Indian synchrotron facility Indus-2. Under this study quantitative 
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evaluation of XPCI technique for the various breast tissue equivalent test materials and 

mammography phantoms are reported. Different phantoms and samples including locally 

fabricated samples were used to perform absorption and phase mode imaging at 12 and 16 

keV SR beams. Edge enhancement index (EEI) and edge enhancement to noise ratio (EE/N) 

were measured for all the phantom and sample images. Absorbed dose values to air were 

calculated for 12 and 16 keV SR beams using the measured SR flux at the object plane and by 

applying the standard radiation dosimetry formalism. For the first time in India, XPCI studies 

were carried out in mammography using low energy synchrotron beams of 12 and 16 keV. 

Outcome of the study suggests good contrast improvement under phase mode than the 

absorption mode for the various test objects and phantoms giving future scope for imaging the 

breast tissue specimens. 

 Chapter 6 presents summary and important conclusions of the thesis work. It also 

includes the future scope in the area of study. Followings are the summary of the work 

conducted: 

 Sensitometric evaluation of a Kodak Min R-2000 mammography film with varying 

 processing temperature and time for the optimization of image quality and doses in 

 SFM. 

 Fabrication and testing of a PMMA mammography phantom for dosimetry and image 

 quality studies which has been developed as import substitute for quality 

 assurance/quality control in mammography.  

 Detailed image analysis and quantification of contrast, spatial resolution and noise of 

 the direct flat panel detector based digital mammography system. CNR, MTF, NPS 

 and FOM were evaluated following the European guidelines.  
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 Dosimetry of digital mammography system using different tissue equivalent phantoms 

 to establish the relation between image quality and mean glandular dose simulating the 

 clinical operation conditions of the machine. 

 Study related to feasibility of using SR in mammography where various test objects 

 and phantoms were employed to analyze the x-ray phase contrast over absorption 

 contrast. 
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1.1 Motivation 

 Mammography imaging technique uses low energy x-rays for diagnosis and screening 

of female breast for the early detection of cancer and other breast diseases. In India, breast 

cancer has ranked topmost cancer among females with age adjusted rate as high as 25.8 per 

100,000 women and mortality 12.7 per 100,000 women (Shreshtha et al 2017). Rise in breast 

cancer incidences has introduced many new technologies based mammography systems into 

the country including refurbished and phased out machines imported from the developed 

countries like USA, UK and Japan. However, the imaging and dosimetric studies on such 

systems are neither conducted by the supplier nor by the user which is a gap area required to 

be attended. Hence, it is essential to study the imaging capabilities of both conventional and 

advanced mammography systems. In addition, it is also important to estimate the radiation 

dose delivered during mammography procedures and optimize the technique so that the 

radiation risk can be minimized without affecting the image quality. In India, use of 

mammography systems are found to be increasing due to increasing trend seen in the 

incidences of breast cancers among female in past few years. At present about 2200 

mammography machines are registered with Atomic Energy Regulatory Board (AERB), 

India. Out of these machines about 30 % are of screen-film mammography and rest are digital 

technology based. Considering the use of both SFM and digital mammography systems in the 

country, systematic image quality and dosimetry studies are carried out on SFM and digital 

mammography machine in the thesis work. Also knowing the importance of phantom based 

imaging and dosimetry under QC and QA programme for mammography systems, a PMMA 

based mammography phantom was developed as import substitute. As most of the 

conventional mammography systems are based on absorption imaging which can produce 
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good contrast for the samples having high subject contrast. But the same is not true when the 

absorption imaging is used for the samples having low subject contrast which is the case of 

soft tissues found within the breast. Considering this fact, the concept of x-ray phase based 

imaging was brought forth in the thesis by performing feasibility studies in mammography 

using synchrotron at Indian synchrotron facility RRCAT, Indore. 

1.2 Overview of breast anatomy and physiology  

The accurate diagnosis and effective mode of treatment for any breast disease including 

cancer requires a clear understanding of breast anatomy and physiology. Breast undergoes 

through many changes than any other part of the human body from birth, puberty, pregnancy 

and breastfeeding, right through to menopause. The fully developed female breast is a well-

differentiated apocrine sweat gland originating in the ectoderm that secretes milk during 

lactation and is of the same type found in the axilla and elsewhere in the body. Anatomically, 

the adult breast sits atop the pectoralis muscle which is atop the ribcage. The epithelial 

component of the tissue consists of lobules, where milk is made, which connect to ducts that 

lead out to the nipple. Most cancers of the breast arise within the cells which form the lobules 

and terminal ducts. These lobules and ducts are spread throughout the background fibrous 

tissue and adipose tissues that makes up the majority of the breast. The breast tissue extends 

horizontally (side-to-side) from the edge of the sternum (the firm flat bone in the middle of 

the chest) out to the midaxillary line (the center of the axilla, or underarm) (Johns Hopkins 

University 2018).  A tail of breast tissue called the "axillary tail of Spence” extends into the 

underarm area and a breast cancer can develop in this axillary tail, even though it might not 

seem to be located within the actual breast. Anatomic dissection of breast show that the 

glandular tissue consists of 15-20 glands called lobes or segments containing ducts that 

https://pathology.jhu.edu/breast/glossary#147
https://pathology.jhu.edu/breast/glossary#512
https://pathology.jhu.edu/breast/glossary#574
https://pathology.jhu.edu/breast/glossary#148
https://pathology.jhu.edu/breast/glossary#155
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branch and subdivided into smaller ducts as they extend into the deeper glandular tissue. The 

end units of the smallest ducts are composed of milk-forming lobules that drain radially 

through the ducts toward the nipple. The two breast lie anterior to the right and left pectoral 

muscles, extending from the sternum laterally to the mid axillary line. The breast and armpit 

contain lymph nodes and vessels carrying lymph fluid and white blood cells as shown in 

figure 1.1 (NBCF 2018). The breast tissue is encircled by a thin layer of connective tissue 

called fascia. The deep layer of this fascia sits immediately atop the pectoralis muscle, and the 

superficial layer sits just under the skin. The skin covering the breast is similar to skin 

elsewhere on the body and has similar sweat glands, hair follicles, and other features. A 

clinician examines the skin in addition to the breast tissue itself when performing a breast. 

 The blood supply to the breast comes primarily from the internal mammary artery, 

which runs underneath the main breast tissue. The blood supply provides nutrients, such as 

oxygen, to the breast tissue (Johns Hopkins University 2018). The lymphatic vessels of the 

breast flow in the opposite direction of the blood supply and drain into lymph nodes. It is 

through these lymphatic vessels that breast cancers metastasize or spread to lymph nodes. 

Most lymphatic vessels flow to the axillary (underarm) lymph nodes, while a smaller number 

of lymphatic vessels flow to internal mammary lymph nodes located deep to the breast. The 

proper knowledge of lymphatic drainage is important, because when a breast cancer 

metastasizes, it usually involves the first lymph node in the chain of lymph nodes. This is 

called the "sentinel lymph node,” and a surgeon may remove this lymph node to check for 

metastases in a patient with breast cancer. Many additional changes are seen in the breast 

tissue during pregnancy and lactation due to the changes in hormones during those times. In 

the adult woman, the breast is made up of glandular tissue, connective tissue, and adipose 

https://pathology.jhu.edu/breast/glossary#481
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tissue that determine the size, shape and texture of the organ. At the apex of the breast is the 

mammary areola, a pigmented skin area whose surface is characterized by the presence of 

modified sebaceous glands that, with their secretion, have the function of making the nipple 

soft and elastic (Cirolla V 2017). Estrogen and progesterone induce changes in the glandular 

tissue depending on the period of the menstrual cycle, with sometimes painful swelling and 

nodular formations reaching the maximum size towards the end of the menstrual cycle and 

then regressing again. Thus it is important to examine the breast in the 7-10 days following 

the onset of menstruation as it is only during this time interval that breasts are easily 

examined and tumours can be easily differentiated from physiological nodularity.  

 

 

Figure 1.1 Schematic of female breast anatomy showing the lymph nodes, nipple, areola, 

chest wall, ribs, muscle, fatty tissue, lobe, ducts, and lobules [Taken from nbcf.org.au] 
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The lactating breast will have acini formed at the end of ducts during pregnancy for secretion 

of milk which will regress after lactation. The postmenopausal breast will have increased 

adipose tissue and decreased fibro glandular tissue. Most tumors develop at the terminal end 

of lobular units of the breast parenchyma. Glandular tissue is more abundant in the super-

external portion of the breast; therefore about half of the tumors affect this area of the gland. 

Although hormones cause the glandular tissue to become denser, a woman’s genetic 

predisposition and her ratio of total body adipose tissue to total body weight also influence her 

ratio of glandular tissue to adipose tissue in her breast. For this reason, some young women 

have breasts consisting primarily of adipose tissue, while some elderly women have breasts 

with exceedingly dense glandular tissue (NCRP 149 2004). 

 Breast cancer arises in the glandular tissue and the distribution of breast cancer is 

approximately proportional to the amount of glandular tissue. Hence in mammography 

emphasis is given to image the glandular tissue with as much as contrast and detail as possible 

with in the limitations of acceptable low radiation exposure. Distribution of glandular tissues 

within the breast can be divided into four quadrants as shown in figure 1.2. Glandular tissue 

can extend throughout the entire breast; only a thin layer of retromammary adipose tissue 

separates it from the pectoral muscle. The upper outer quadrant, which extends towards the 

axilla, is the thickest portion of the glandular tissue. Nearly half of the breasts’ total glandular 

tissue is found in the upper outer quadrant and 45 percent of all breast cancers develop in the 

same upper outer quadrant (NCRP 149 2004). 
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Figure 1.2 Anatomy of breast with four quadrants [Taken from https://people.ohio.edu and 

https://community.breastcancer.org] 

1.2.1 Breast cancer types 

 Ninety percent of breast cancers are adenocarcinomas, which arise from glandular 

tissue (NIH 2018). Within this broad category, there is a great degree of variation. The earliest 

form of the disease, ductal carcinoma in situ, comprises about 15-20% of all breast cancers 

and develops solely in the milk ducts. The most common type of breast cancer, invasive 

ductal carcinoma, develops from ductal carcinoma in situ, spreads through the duct walls, and 

invades the breast tissue. Cancer that begins in the lobes or lobules is called lobular (small 

cell) carcinoma and is more likely to be found in both breasts. Invasive lobular carcinoma 

originates in the milk glands and accounts for 10-15% of invasive breast cancers. Both ductal 

and lobular carcinomas can be either in situ, or self-contained; or infiltrating, meaning 

penetrating the wall of the duct or lobe and spreading to adjacent tissue.  

1.2.2 Breast cancer incidences in India 

 Literature review of published data and several reports on breast cancer incidences 

have suggested that there is a significant increase in breast cancer incidence rate in India and 

https://people.ohio.edu/
https://community.breastcancer.org/
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breast cancer is the most common cause of death among woman in developed and developing 

countries (Ferlay et al 2015, Ferlay et al 2008, NCRP 2016). National Cancer Registry 

Programme (NCRP) which was commenced by the Indian Council of Medical Research 

(ICMR) with a network of Population Based Cancer Registries (PBCR) and Hospital Based 

Cancer Registries (HBCR) across the country shows that there is a significant increase in 

breast cancer incidence when compared with previously published data (NCRP 2016). Also 

data from these registries indicate that prevalence of breast cancer in different parts of the 

country is highest when compared with other cancer. Over the past two decades, the Asia-

Pacific region, including India, has experienced a more rapid rise in the annual incidence and 

mortality from breast cancer than the western countries, such as the US & Canada and the 

countries of the European Union (Green et al 2008, Parkin et al 2005, Porter 2008). The 

incidence of breast cancer rises after age 40. The highest incidence (approximately 80% of 

invasive cases) occurs in women over age 50. In India, the age of the women when highest 

incidence of breast cancer can be seen is > 45 year (Masakazu et al 2010). 

1.3 Breast imaging modalities 

 Early detection of breast cancer is considered to be the key factor for reducing 

mortality among women. As an early detection of breast cancer, primarily used technique is 

breast self examination (BSE) which allows a female to examine her breasts physically for 

any physical or visual changes. Under this particular examination both the breasts are 

examined in lying and standing positions to feel for any breast lumps. It is recommended that 

BSE to be performed one week after menstruation and any lumps felt should be further 

examined clinically by a doctor. Similar kind of physical examination known as clinical 

breast examination (CBE) is carried out by a trained physician to evaluate the breasts for 
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evidence of palpable or visible changes due to breast diseases. CBE is an important 

component of the routine physical examination in medical practice as a screening tool for 

detection of breast cancer. CBE in conjunction with mammography has detected more breast 

cancers than either of them used alone. Other than physical examination there are different 

imaging techniques which allow early detection of cancer and localization of the suspicious 

lesion in the breast for the further course of treatment. 

1.3.1 Ultrasound 

 Ultrasound (US) imaging provides the further assessment of both palpable and 

impalpable breast abnormalities adjunct to mammography and clinical breast examination. It 

is also performed to diagnose breast lumps or other abnormalities found during a clinical 

physical exam or breast MRI History of first use of US in breast structure imaging goes back 

to 1951 (Wild 1950). In breast ultrasound imaging sound waves of frequency range 2 to 15 

MHz are used to produce images of the internal structures of the breast. It is primarily used 

for patients with dense breasts and breast implants. Ultrasound is the imaging method of 

choice for the majority of women aged below 40 years as it is noninvasive and does not use 

radiation. Over 40 years of age ultrasound is used as an adjunct to mammography when there 

are focal clinical or mammographic signs. Focal abnormalities identified on ultrasound are 

assessed for signs that favour malignancy (irregular shape, ill-defined margin, solid 

hypoechogenicity, posterior acoustic shadowing, tissue distortion) and for signs that favour 

benignity (smooth shape, well defined margin, hyperechogenicity, posterior acoustic 

enhancement (Youe et al 2015, Alan et al 2016). 
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1.3.2 Magnetic resonance imaging (MRI) 

 Magnetic resonance imaging (MRI) is a generally accepted diagnostic procedure for a 

number of breast related indications because of its higher sensitivity towards tumors (Smith et 

al 2004). MRI creates images of the breast by measuring changes in the movement of protons 

in fat and water with the application of changing magnetic fields. By utilizing the differences 

in tissue relaxation characteristics, an image is acquired by processing the signal changes that 

occur following application of pulses of energy. Breast MRI for the detection of breast cancer 

requires administration of the contrast agent gadolinium. The use of MRI for breast cancer 

detection is based on the concept of tumor angiogenesis or neovascularity. Tumor-associated 

blood vessels have increased permeability, which leads to prompt uptake and release of 

gadolinium within the first one to two minutes after administration, leading to a pattern of 

rapid enhancement and washout on MRI Breast. MRI is often used in women who already 

have been diagnosed with breast cancer, to help measure the size of the cancer, look for other 

tumors in the breast, and to check for tumors in the opposite breast (Shahid et al 2016, 

DeMartini et al 2008). Although MRI can find some cancers not seen on a mammogram, it’s 

also more likely to find something that turns out not to be cancer (called a false positive). 

False-positive findings have to be checked out to know that cancer isn’t present as this can 

results in more tests or biopsies. This is why MRI is not recommended as a screening test for 

women at average risk of breast cancer because it would result in unneeded biopsies and other 

tests for many of these women.  

1.3.3 Radioisotope imaging 

 This particular imaging technique is also known as emission imaging or nuclear 

medicine imaging. Under this imaging two radiotracers have been used widely to depict 

https://www.cancer.org/treatment/understanding-your-diagnosis/tests/mri-for-cancer.html
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breast cancer: the γ-emitting 99mTc-sestamibi (99mTc-methoxyisobutylisonitrile), 140 keV, 

half-life of 6 hour, originally developed as a myocardial per-fusion agent; and the positron-

emitting glucose analog 18F-FDG (Fluoro deoxyglucose), 511keV, half-life of 2 hour (Berg 

et al 2016). Nuclear medicine involving radiopharmaceuticals has been actively used for the 

detection of breast cancer. Currently, there are three radiotracers commonly used for breast 

imaging or scintimammography in either clinical practice or research: 99mTc-sestamibi and 

99mTc-tetrofosmin (two agents used for myocardial perfusion imaging) and 99mTc-MDP 

(methylene diphosphonate, used for bone scintigraphy) (Taillefer 1999). Scintimammography 

is a relatively new, non-invasive diagnostic modality in the evaluation of breast cancer 

(Liberman et al 2003). Positron emission tomography (PET) with millimeter resolution can 

image the earliest in situ forms of breast cancer as well as putative cancer precursor lesions 

(e.g., atypical ductal hyperplasia) whose behavior is important for prevention studies 

(Weinberg 2006). 

1.3.4 Thermography 

 In breast thermography which is also known as infrared imaging, a pictorial 

representation of the infrared energy or heat emission of the breasts is recorded. It is based on 

the observation that patients have an elevated breast skin temperature over breast cancer. 

Thermography/thermal imaging uses a special camera to measure the temperature of the skin 

on the breast’s surface (Lahiri et al 2012, Ng and Kee 2008). It is non-invasive test that 

involves no radiation and is based on the fact that cancer cells are growing and multiplying 

very fast causing higher blood flow and metabolism in a cancer tumor as the blood flow and 

metabolism increases, skin temperature goes up which is then recorded as image in this 

technique Thermography has been available for several decades, but there is no evidence to 
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show that it’s a good screening tool to detect breast cancer early, when the cancer is most 

treatable (Kennedy et al 2009, Macro et al 2017). Some women want thermography because it 

is painless and doesn’t require exposure to radiation.  

1.3.5 Optical imaging 

 Optical imaging (OI) refers to a variety of techniques using near infrared (NIR) light 

(700–1000 nm) and visible light (400–700 nm) to provide molecular, morphologic, and 

functional information, probing absorption, scattering, and fluorescence properties of cells or 

tissues. One of the most promising applications is to the breast, a superficial organ where the 

remodeled vasculature and changes in cellular and extracellular tissue structure caused by 

malignant lesions creates a contrast suitable for OI (Grosenick et al 2016, Di Leo et al 2017). 

The first attempts to use visible light to diagnose breast cancer were in the first half of the 

20th century using a method called “transillumination” or “diaphonography” and resulted in 

the sensitivity as low as approximately 58% (Di Leo et al 2017).  

1.3.6 Mammography imaging 

 Mammography remains the primary imaging tool for breast cancer despite the fact that 

there are supplemental modalities that appear to perform significantly better (Gotzsche et al 

2000). It can identify small foci of cancer within the breast which otherwise cannot be 

diagnosed. Use of mammography technique has resulted in a 30% reduction in the mortality 

of breast cancer in women over 50 years of age (Sickles 2000, Khalkhali et al 1994). 

Following section provides the detail description of this mammography imaging technique. 

1.4 Historical background of mammography  

 The use of x-rays in breast cancer can be traced back to 1913 when Salomon fist time 

used it for examining the spread of tumour giving base to the present imaging technology 
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called mammography (Collins et al 2015). Initially, breast imaging was done using film and 

then later screen-film combination. Concept of breast compression was introduced in 1951 

and the dedicated mammography x-ray unit was used in 1965. Acceptance of the screen-film 

based mammography as a screening tool of breast cancer came in the year of 1970s (Collins 

et al 2015). Since then screen-film mammography was used extensively on a large female 

population detecting and diagnosing of breast cancer at its earliest stage globally. Screen-film 

based mammography has several limitations one is due to inherent characteristics shown by 

mammography film. Digital radiography detector systems were first implemented for medical 

applications in the mid 1980s, but the promise of digital imaging was not realized until the 

early 1990s, in conjunction with the establishment of first generation picture archiving and 

communication systems (PACS) (Lanca and Silva 2009, Siebert 2009). Digital 

mammography has additional advantages over conventional screen film mammography due to 

wider dynamic range, improved contrast between dense and non-dense breast tissue, faster 

image acquisition and easier image storage (Berns et al 2002, Huda et al 2003). 

1.4.1 Mammography x-ray equipment 

 Mammography utilizes low energy x-rays for examining the female breast primarily 

with the aim of distinguishing the existence of tumours, cysts, calcifications, or any other 

abnormalities. Mammography equipment is specifically designed to demonstrate low subject 

contrast and fine detail of the breast tissues which are having small x-ray tissue attenuation 

differences. Due to involvement of radiation risks of ionizing radiation, optimization of 

techniques to achieve good image quality with minimum doses is very important in 

mammography. Hence continuous developments in mammography imaging techniques are 

going on. Mammography x-ray equipment comprise a high voltage generator, a tube with a 
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very small focus, a filter, a collimator, a compression system, the plate holder with the film or 

digital detector and an automatic exposure control (AEC) system as shown in figure 1.3 

(Hendrick and Ikeda 2018). The mammographic unit consists of two basic components, an x-

ray tube and an image receptor which are mounted on opposite sides of a mechanical 

assembly (Figure 1.3).  

 

Figure 1.3 Components of an x-ray mammography unit [Taken from www.clinicalgate.com] 

 The mechanical assembly can be adjusted vertically and can rotate about a horizontal 

axis to accommodate patients of different height and due to the fact that the breast must be 

imaged from different aspects. X-ray photons generated from the x-ray tube assembly tube 

passes through a metallic spectral-shaping filter, a beam-defining aperture and the 

compression plate to reach upto the breast. Depending upon type of interaction these x-ray 

photons go through with breast tissues, the differentially attenuated x-ray intensity will be 

http://www.clinicalgate.com/
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recorded to form an image after passing through the antiscatter grid which is positioned 

between breast supporting system and image detector. In the following section brief 

description of mammography x-ray equipment in conjunction with mammographic image 

quality is given. 

1.4.2 X-ray tube and generator 

 In mammography x-ray tubes, x-rays are produced when heated filament (cathode) 

due to thermionic emission emits electrons and these electrons are bombarded on the metal 

target (anode) inside a vacuum tube.  The x-rays are emitted from the target over a spectrum 

of energies ranging up to the peak kilovoltage (kVp) applied to the x-ray tube (typically 40 

kVp). A rotating anode design is used for modern mammographic x-ray tubes. To provide 

sufficient kinetic energy to the emitted electrons form the cathode, kilovolatge is applied 

using x-ray generators. The high-frequency generators offer more precise control of kilovolt 

(peak) (kVp), milliamperes (mA), and exposure time. The linearity and reproducibility of the 

radiographic exposures using high-frequency generators is uniformly excellent. High 

frequency generators are capable of generating efficient waveform output that produces a 

higher effective energy x-ray beam per set kVp and mA. High-frequency generators are 

compact in sizes and can be installed within the single-standing mammography unit operating 

on single-phase incoming line power, facilitating easy installation and creating a less 

intimidating appearance. In mammography x-ray tube, targets are used made up of 

molybdenum (Mo), rhodium (Rh) and tungsten (W) and spectral characteristics of produced 

x-rays are decided by the use of different target/filter (T/F) combinations. The anode has a 

beveled edge, which is at a steep angle to the direction of the electron beam. In 

mammography small focal spots ranging from 0.3 to 0.4 mm (contact imaging) and from 0.1 
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to 0.15 mm (magnification imaging) are used due to high spatial resolution and optimal image 

quality requirement. Window material used in mammography tube is beryllium (Be) which 

has low atomic number and high young modulus. Collimation of the x-ray beam is achieved 

using metal diaphragm collimators to provide predetermined field sizes matched to the image 

receptor’s sizes (i.e. 18 x 24 cm2 or 24 x 30 cm2).  

1.4.3 Mammography AEC system  

 Mammographic automatic exposure control (AEC) system is used to provide 

consistent signal values as breast thickness is varied over the range of x-ray tube potentials 

(NCRP 149 2004). In AEC system, a sensor in the form of an ionization chamber or solid 

state detector is located behind the image receptor. The sensor produces the current 

proportional to the exposure rate of the incident on it and the current charges a capacitor 

(Figure 1.4). The voltage across the capacitor is then proportional to the exposure to the 

sensor (and therefore to the patient). This voltage is compared to a reference voltage, and 

when the two voltages are equal, the exposure is terminated. Present day AEC appropriately 

compensates for variation in the selected operating potential and breast density and thickness. 

Compensation for operating potential can be accomplished by including the preset kilovolt 

peak as factor in the microprocessor controlled program of the AEC. This allows the variation 

of the AEC sensor sensitivity with operating potential to be taken into account in determining 

when the exposure should be terminated (Kimme-Smith et al 1992). Both the quality of the 

mammography image and the dose efficiency are critically dependent on the x-ray spectrum 

and shape of the it is determined by the anode material, applied potential to the tube, and the 

amount and type of added metallic filtration in the beam. Optimization of exposure can 

consider various statistics from a short test pulse made prior to the actual image acquisition. 
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These might include the minimum signal from the most attenuating region of the breast. The 

algorithm can require that in the actual exposure, this signal has to be greater than some preset 

value. Determination of the optimum x-ray spectrum for mammography involves a careful 

compromise between image contrast, radiation dose, and image statistical noise.  Figure 1.4 

gives the schematic for electronic circuit of mammography AEC system. 

 

Figure 1.4 Schematic for electronic circuit of mammography AEC system [Taken from 

Bushberg et al 2002] 

1.4.4 Compression device 

 The compression to the breast is achieved with a compression paddle, a flat plate 

attached to a mechanical compression device. Breast compression is required in 

mammography as it lowers down the patient dose by reducing the overall breast thickness. 

Reducing thickness produces lesser scatter components and hence improves the image quality 

parameter called contrast (Figure 1.5). It is essential that the compression plate allows the 

breast to be compressed parallel to the image receptor and that the edge of the plate at the 

chest wall be straight and aligned with both the focal spot and image receptor to maximize the 

amount of breast tissue being included in the image. Compression causes the different tissues 
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to be spread out, minimizing superposition from different planes and thereby improving 

conspicuity of structures. The use of compression decreases geometric blurring, the dose to 

the breast and the ratio of scattered to directly transmitted radiation that reaches the image 

receptor.  

 

 

Figure 1.5 Schematic showing reductions in scatter to primary ratio for the noncompressed 

and compressed breast  

1.4.5 Antiscatter grid 

 Specialized grids were developed for mammography during the 1980s to reduce 

scatter radiation and increase the image contrast in mammography. Scattered radiation 

comprises a considerable fraction of the radiation incident on the image receptor. In 

radiology, Cs= C0 [1 / (1+SPR)] = C0 K, where Cs is the subject contrast, Co is the contrast in 

the absence of scattered radiation, SPR is the Scatter-to-Primary x-ray Ratio at the location of 

interest in the image and K is known as contrast reduction factor (Bushberg et al 2002). 

Figure 1.6 presents the geometrical characteristics of an antiscatter grid. The fraction of 

scattered radiation in the image can be reduced by the use of antiscatter grids or air gaps. 
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Scatter rejection is best accomplished with an antiscatter grid for contact film/screen breast 

imaging. Antiscatter grids are composed of linear lead (Pb) septa separated by a rigid 

interspace material. Generally, the grid septa are not strictly parallel but are focused toward 

the x-ray source. Due to the fact that the primary x-rays all travel along direct lines from the 

x-ray source to the image receptor while the scatter diverges from points within the breast, the 

grid presents a smaller acceptance aperture to scattered radiation than to primary and therefore 

discriminates against scattered radiation.  

 

Figure 1.6 Schematic for the geometrical characteristics of an antiscatter grid: h the height of 

lead strips, d the thickness of lead strips, D the thickness of interspace material, 1/( D +d ) the 

frequency and h/D is the grid ratio 

 Grids are characterized by their grid ratio (ratio of the path length through the 

interspace material to the interseptal width), which typically ranges from 3.5:1 to 5:1. When a 

grid is used, the SPR is reduced approximately by a factor of about 5, leading in the most 

cases to a significant improvement in image contrast. Nevertheless, the grid causes the overall 

radiation fluence to decrease.  
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1.4.6 Image receptors in mammography 

 Early mammography x-ray imaging was performed with non-screen, direct exposure 

film which has produced low contrast images at higher radiation dose to patients. It is 

reported that mammography screening exams in the 1950s and 1960s, did not provide any 

useful benefits for the early detection of breast cancer as outcome was poor diagnostic quality 

(Bushberg et al 2002). In the 1970s and 1980s, mammography using Xeroradiographic 

process was very popular due to good spatial resolution and edge-enhanced images; however, 

this technique was also producing images with relative poor contrast sensitivity coupled with 

a higher radiation dose in comparison to the technologic advances of screen-film 

mammography imaging led to the demise of the Xerox process in the late 1980s (Bushberg et 

al 2002). Continuous development in imaging technology have vastly improved 

mammography over last 35 years starting form screen-film to digital images (Bushberg et al 

2002). Digital mammography technology offers simplified archival, retrieval and transmission 

of images, reduction in mean glandular dose (MGD), higher patient workflow and improved 

diagnostic accuracy (Skaane 2010,  Tabar 2012). Computed radiography (CR) is often 

distinguished from direct radiography (DR). However, CR and DR have many similarities as 

both technologies produce a digital image that can be enhanced for soft copy diagnosis or 

further review. Both CR and DR can also present an image within seconds of exposure. CR 

generally involves the use of a cassette that houses the imaging plate, similar to traditional 

film-screen systems, to record the image whereas DR typically captures the image directly 

onto a flat panel detector without the use of a cassette. Image processing or enhancement can 

be applied on DR images as well as CR images due to the digital format of each. CR also 

considered as a part of part of digital image technology where image is displayed upon 
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computer. Digital detectors (even with a lower spatial resolution than film) also appear to 

improve lesion conspicuity through their improved efficiency of absorption of x-ray photons, 

a linear response over a wide range of radiation intensities and low system noise (Tabar 

2012).  In addition, post-processing software can be utilized to assist the radiologist in 

evaluating the images for suspicious findings by altering contrast and brightness automatically 

or manually. Also in digital mammography system, the images can be displayed in hard and 

softcopy formats. Other advantage of using digital mammography is that computer aided 

detection (CAD) software can be utilized to highlight the abnormal areas of density, mass or 

calcification on the mammogram image.  

 The image detector produces the images by the absorption of energy from the x-ray 

beam. Image detectors should provide adequate spatial resolution, radiographic speed and 

image contrast. The detectors are divided into two categories 1) analog detectors that 

“reconstruct” the distribution in a continuous manner in the intensity scale 2) digital detectors 

that sample the distribution in space and in intensity (Figure 1.7). The detectors used in 

present mammography work are discussed in detail in this section. 



23 

 

 

Figure 1.7  Various image recording detector technologies used in mammography 

1.4.6.1 Screen film mammography (SFM) 

 Cassettes and screen-film combinations used in conventional mammography are 

designed such that the performance of the technique is enhanced. In screen film 

mammography, a high resolution fluorescent intensifying screen typically made up of the 

phosphor called gadolinium oxysulphide (Gd2O2S: Tb) is used. Purpose of using intensifying 

screen is to convert the x-ray energy into optical photon as the medical x-ray film is more 

sensitive towards optical light photon than x-rays. Mammography films are used in two sizes 

to match with the bucky size  i.e 18 cm x 24 cm and 24 cm x 30 cm. Films used in SFM  have 

higher film contrast and require significantly lower radiation exposure than the direct 

exposure films (approximately 50 to 100 times less) (Rothenberg et al 1995). A portion of the 

x-rays are absorbed or scattered by the internal structure and the remaining x-ray pattern is 
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transmitted to a photographic film (Silver Bromide (AgBr) emulsion) to record an image 

which can be viewed after its chemical processing for the evaluation. The emulsion comprises 

of a gelatin in which AgBr or AgI grains are embed.  

 In SFM, single side emulsion coated film mounted in contact with intensifying screen 

which is already fixed inside a mammography cassette as shown in figure 1.8. Intensifying 

screens are thin sheets, or layers, of fluorescent materials which are made of CaWO4 or 

Gd2O2S: Tb. The transmitted x-ray energy from the patients’ body is absorbed by the 

intensifying screen material, and a portion of it is converted into light depending upon 

conversion efficiency of the phosphor. The emitted light, in turn, exposes the film. 

Intensifying screens are used because film is much more sensitive to light than to direct x-

radiation; approximately 100 times as much x-radiation would be required to expose a film 

without using intensifying screens.  

 

Figure 1.8 Mammography cassette with single intensifying screen [Taken from konex.com.br] 

 Unfortunately, intensifying screens introduce blurring into the imaging process and 

places a limit on the visibility of detail that must be considered when selecting screens for 

specific clinical applications. In mammography exam, to attain the high image detail, single 
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screen and single emulsion coated mammography film is used to get rid of cross over effect as 

shown in figure 1.9. 

 

Figure 1.9 Single screen-film used in mammography exam to avoid cross over effect [Taken 

from www.sprawls.org] 

1.4.6.2 Advantages/Disadvantages of screen-film mammography 

 SFM is considered to be the gold standard for the detection and diagnosis of breast 

cancer as it provides excellent detail resolution (image sharpness), which is very crucial for 

imaging microcalcifications and very small abnormalities that may indicate early breast 

cancer. The widespread popularity of the SFM system is due to its many inherent advantages, 

such as i) high spatial resolution (up to 20 line pairs per millimeter), which can demonstrate 

fine spiculations and microcalcification ii) high contrast, which allows visualization of subtle 

differences among soft-tissue densities (Mahadevappa 2004). SFM can provide spatial 

resolution of ~0.03 mm which is the highest among any other imaging modalities (Bushberg 

et al 2002). However, small deviations from optimal exposure and processing conditions can 

have profound effects in image quality (Andrew and Srinivasan 2012). Nevertheless, SFM 
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systems have certain limitations (Sabel et al 1996, Yaffe et al 1997). Drawback of using SFM 

is that sensitometric characteristics of the mammography film which is sigmoid in shape as 

shown in figure 1.10. This curve is also known as Hurter and Driffield (H&D) curve which 

results to the limited latitude i.e. the range of x-ray exposure over which the film display 

gradient is significant. If a tumour is located in a region of the breast that is either more lucent 

or more opaque, then the contrast displayed to the radiologist may be inadequate because of 

the limited gradient of the film. Hence women with dense breasts (breast containing large 

amounts of fibroglandular tissues) are of particular concern as the dense tissues with diffuse 

involvement of the breast with tumor tend to reduce the overall sensitivity of SFM (Yaffe et al 

2009). Another limitation of SFM is the effect of fixed pattern noise due to the granularity of 

the phosphor screen and film emulsion. This impairs the detectability of microcalcifications 

and other fine structures within the breast. Also SFM suffers from compromises in spatial 

resolution versus quantum detection efficiency (QDE), which are inherent in the screen film 

image receptor (Yaffe et al 2009). As in SFM, film acts as the sole medium for acquisition, 

display, and storage of images and suboptimal conditions in any one step can affect the 

overall image quality. In addition, technical factors such as film processing, developing, and 

image artifacts can also limit the use of SFM. Development temperature, time and rate of 

replenishment of the developer chemistry has to be compatible with the type of film emulsion 

chemistry for maintain the sensitometric characteristics of film (Brink et al 1993). The 

inability to postprocess and optimize images often requires retakes, which can lead to multiple 

exposures, resulting in unnecessary radiation exposure to patients.  

 Approximately 10%–20% of breast cancers detected at breast self-examination or 

physical examination are not visible at SFM. Also, only 5%–40% of the lesions detected with 
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SFM and recommended for biopsy are found to be malignant (Laya et al 1996, Burrell et al 

1996, Sickles 1991). This indicates a high level of false-positives, resulting in unnecessary 

biopsies and related psychological stress to patients.  

 

 

Figure 1.10 Schematic of response curves for SFM and digital mammography (a) SFM has a 

limited dynamic range whereas digital mammography has a wider dynamic range (b) 

limitations of SFM showing different regions of the breast image according to the 

characteristic response of a typical mammographic film [Taken from Mahadevappa 2004] 

1.4.6.3 Digital mammography 

 Digital mammography has the potential to overcome the limitations of SFM by 

improving breast cancer detection and lesion characterization at early stage (Feig and Yaffe 

1998, Pisano 2000, Pisano et al 2000, Williams et al 1996). Commercial use of digital 

mammography (DM) started in year 2000 to overcome many technical the limitations of 

SFM. Digital mammography technology offers simplified archival, retrieval and transmission 
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of images, reduction in mean glandular dose (MGD), higher patient workflow and improved 

diagnostic accuracy (Skaane 2010,  Tabar 2012). Acquisition is performed with low noise x-

ray detectors having a wide dynamic range. DM images can be processed to enhance contrast 

and other features of the lesion. In digital mammography, differentially attenuated x-ray 

intensity is sampled in both the intensity and spatial domains to generate a digital x-ray 

image. In the intensity domain, the magnitude of the x-ray intensity is converted into a 

proportional electronic signal; this signal is then digitized so that it can be sent to a computer 

where the final image will be processed. In the spatial domain, the variation in the intensity 

signal over the area of the object represents the image information. Depending upon various 

detector technologies DM is explained in detail in the following section. 

1.4.6.4 Photostimulable phosphor imaging plate  

 A technology used for digital mammography employs an image plate (IP) formed with 

a photostimulable phosphor (PSP) housed in lightproof cassette. PSP material is commonly 

barium fluorohalide doped with europium (BaFX: Eu), in which the halide (X) is a 

combination of bromide and iodide, typically 85% and 15%, respectively. The phosphor in a 

powdered form is mixed with a binder or adhesive material and laid down on a base with a 

thickness of about 0.3 mm. A surface coat protects the phosphor from physical damage. 

During mammographic exposure, transmitted x-rays from patient’s body part gets absorbed 

into storage phosphor and generates electron-hole pairs and a fraction of generated charge is 

trapped in the crystal structure, creating a latent image proportional to the energy of the 

incident x-ray photon (Yaffe and Rowlands 1997). The number of trapped electrons is 

proportional to the amount of x-ray energy absorbed at a particular location in the detector. 

After exposure, the IP is placed in reader device and scanned with a red HeNe laser beam 
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(~620 nm). The energy of the laser light stimulates the traps to release the electrons. The 

transition of these electrons through energy levels in the phosphor crystals results in the 

formation of blue light photon. The emitted light is detected by a photomultiplier tube and 

converted to electric signals as shown in figure 1.11.  

 

 

Figure 1.11 Schematic for CR imaging technique (a) latent image formation due to interaction 

of incident x-ray photon inside PSP (b) stimulation and emission spectra from phosphor (c) 

photostimulated luminescence and its collection by PMT (d) latent image read out process 

[Taken from AAPM 93 2006] 
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These electrical signals are processed and converted to a digital image Scanning is achieved 

using a rotating mirror. Above the plate, there is an array of optical fibers to direct the emitted 

light to one or more photomultiplier tubes to measure its intensity. Following the read cycle, 

the residual signal from the plate is erased by exposing it to a bright light source. The time for 

a CR reader to extract the image from the plate is generally between about 30 and 45 s, and 

the faster readers are capable of reading 100 or more plates per hour. The resolution of the 

image is determined by the size of scanning laser beam, the underlying scatter of the readout 

laser light in the phosphor and the distance between sample measurements.  

 There are several advantages of CR based mammography over SFM such as (i) the 

same plate can be used again and again; (ii) it does not require a dark room and developing 

chemicals; (iii) the produced image is digital and can be stored and manipulated 

electronically; (iv) these images have greater dynamic range, wider exposure latitude and 

reduced patient exposure. The digitized image can be viewed and enhanced using software 

that has functions similarly to other conventional digital image processing software, such as, 

for example, contrast, brightness, filtration and zoom.  

1.4.6.5 Digital detectors 

 Digital detector based mammography can be categorized as indirect or direct. Indirect 

digital detectors utilize an indirect method of imaging x-rays, similar to screen-film. A 

scintillator absorbs the x-rays and generates a light scintillation that is then detected by an 

array of photodiodes. Indirect systems suffer from resolution degradation caused by light 

spread in the scintillator and poor quantum efficiency with thin scintillators. Direct digital 

detectors utilize a direct-conversion method of imaging, wherein the x-rays are absorbed and 

the electrical signals are created in one step. Systems using amorphous selenium represent a 
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direct technology for digital mammography. Selenium is an ideal material for a 

mammography detector because it has high x-ray absorption efficiency, extremely high 

intrinsic resolution, low noise, and a well-established manufacturing process. 

 In digital mammography images are formed directly onto a pixelized imaging device 

through the use of a scintillator or photoconductor, which captures the X-ray pattern (Yaffe 

2010). Thin-film transistor (TFT) arrays commonly known as flat-panel arrays are composed 

of a matrix of discrete dels, each of which contains a transistor. TFTs are used as a read out 

system in flat panel detector technology. The transistors operate as gates, permitting an 

electric charge to flow through them only when they are turned on. During an x-ray exposure, 

the gates are turned off, and the image is built up in the dels in the form of an electric charge, 

with the amount of charge in each del proportional to the number of x-rays absorbed in that 

region of the detector (again, a linear relationship). There are two types of digital detector 

technology used in digital mammography i.e. indirect and direct. In an indirect device, an x-

ray-to-light converter, similar to that used in SFM imaging, is placed in contact with the TFT 

array. Each del of the TFT array contains a light sensor (a photodiode) to convert the 

fluorescent light to a stored electric charge. In the indirect detection approach, a conventional 

x-ray absorbing phosphor, such as thallium-doped caesium iodide (CsI: Tl) or gadolinium 

oxysulphide (Gd2O2S) is grown onto the active matrix array. The detector pixels are 

configured as photodiodes made of amorphous silicon (a-Si) which converts the optical signal 

from the phosphor to charge and store that charge on the pixel capacitance. The advantage of 

utilizing CsI as the x-ray absorber is that it can be grown in columnar crystals shaped into 5–

10 µm wide needles which act as fibre optics (Markus et al 2007). The advantage of CsI-

based scintillators is that the crystals can be arranged perpendicular to the surface of the 
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detector and when coupled to the photodiode pixels, there is little lateral spread of light and, 

therefore high spatial resolution can be maintained. In addition, unlike conventional 

phosphors in which diffusion of light and loss of resolution become worse when the thickness 

is increased, CsI phosphors can be made thick enough to ensure high x-ray absorption while 

maintaining high spatial resolution (Yaffe et al 1997). 

 In a direct device, a layer of material is deposited directly onto the TFT array and 

when an x-ray photon is absorbed in this photoconductor material, an electric charge is 

generated and collected in the dels of the TFT array. In direct detector based digital 

mammography, a high atomic number photoconductor material called amorphous selenium 

(a-Se) is coated onto the active matrix area to form a photoconducting layer that directly 

converts the incident x-rays into charge carriers that drift towards the collecting electrodes 

under the influence of an applied electric field. The direct detection systems have advantages 

compared to the indirect systems. In the case of direct detection, since the produced charges 

are electrically driven towards the electrodes, their lateral spread, and hence the image 

blurring, is not significant (Yaffe and Rowlands 1997). Absorption efficiency of a direct 

detector can be maximized with the suitable choice of the photoconductor material, operating 

bias, and the thickness of the photoconductive layer (Kasap 2000). Finally, the direct systems 

are easier and cheaper to manufacture due to their simpler structure (Saunders et al 2004, 

Samei and Flynn 2003). However, the major disadvantages of direct detectors are the need for 

applying a high voltage to maintain electric field and the presence of dark current (Pisano and 

Yaffe 2005).  
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1.4.6.6 Digital breast tomosynthesis 

 Digital breast tomosynthesis (DBT) has rapidly emerged as an important new imaging 

tool that reduces the masking effect of overlapping fibroglandular tissue, thereby improving 

breast cancer detection (Hooley et al 2017). Under this technique, the compressed breast tissue 

is imaged in a quasi–three-dimensional manner by performing a series of low-dose 

radiographic exposures and using the resultant projection image dataset to reconstruct cross-

sectional in-plane images in standard mammographic views (Peppard et al 2015). 

1.5 Imaging methodologies 

 Medical x-ray images are produced based on different interaction mechanism such as 

attenuation, phase modulation, diffraction and scattering or their combination. All these 

interaction mechanism produce contrast in the image depending upon variety of object‘s 

physical properties such as absorption coefficient, refractive index, scattering coefficient, 

atomic number etc. In the thesis work imaging and dosimetric studies are carried out on the 

absorption and phase contrast based mammography x-ray imaging system. Hence the details 

of these two methodologies along with different interaction types are elaborated in the 

following section. 

1.5.1 Interaction of x-rays with matter 

 Diagnostic x-ray images are formed when x-ray beam interacts with patient’s body 

and the differentially attenuated x-ray intensity is detected to produce a two dimensional 

image of the patients’ anatomy. In the diagnostic x-ray energy range, the main x-ray 

interactions with matter are photoelectric absorption, Thomson or Rayleigh (coherent/elastic) 

and Compton scattering (incoherent/inelastic. The probability of undergoing a particular 

interaction depends on the photon energy as well as on the density and atomic number of the 
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absorber, and is generally expressed in the form of an interaction cross section. X-ray 

interaction for energies, E< 511 keV is mainly due to photoelectric absorption, Compton 

scattering, and Rayleigh scattering (Cho et al 1975). X-ray attenuation is dominated by both 

Compton scattering and photoelectric absorption, while Rayleigh scattering photon interaction 

is negligible (Phillips and Lannutti 1997). In the following section, different x-ray interaction 

types are described which are responsible for producing the images in mammography. 

1.5.1.1 Rayleigh (Coherent) scattering  

 This process is also known as coherent or elastic scattering in which an incident x-ray 

photon interact with an electron and gets deflected (scattered) without any loss of energy. This 

particular interaction raises the energy of the electron temporarily without removing it from 

an atom. The electron returns to its previous energy level by emitting an x-ray photon of equal 

energy but with a slightly different direction. According to theory of classical physics, the 

differential cross section of scattering of a photon from a free electron (Thomson scattering) 

can be derived by the following equation. 

                                                 )cos1(
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where r0 is the classical radius of the electron, θ is the angle between the initial trajectory of 

the incident photon and the scattered photon, and dσο/dΩ is the differential cross section per 

electron of the classical scattering.  

1.5.1.2 Photoelectric absorption 

 Photoelectric absorption involves the interaction of an incident x-ray photon with an 

inner shell electron in the absorbing atom that has a binding energy similar to but less than the 

energy of the incident photon. The incident x-ray photon transfers its energy to the electron 

and results in the ejection of the electron from its shell (usually the K shell) with a kinetic 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384159/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384159/#R28
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energy equal to the difference of the incident photon energy Ei and the electron shell binding 

energy Es. Energy of the ejected photoelectron, Ee is given as Ee = Ei - Es 

1.5.1.3 Compton (incoherent) scattering 

 In Compton scattering incident photon of energy Ei collides with an atomic electron, 

transfers some of its energy and momentum to the electron and is being deflected at an angle 

θ, with respect to its initial direction.  

The energy of scattered photon Ec is given by: 

2
1 (1 cos )

i
c i
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E
E E

E

mc

  

  

 

The differential cross section of incoherent scattering including electron binding effects can 

be given as the product of the Klein-Nishina differential cross section dσKN/dΩ and the 

incoherent scattering function of an atom S( p~ , Z). Given equation provides the differential 

cross section of incoherent scattering.  
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1.5.2 X-ray absorption contrast imaging 

 In most of the conventional medical x-ray imaging this technique is used due to 

experimental ease and versatility. Under this imaging technique x-ray images are produced 

when differentially attenuated x-ray intensity transmitted from human body are recorded by 

an image detector placed next to the subject. In the conventional medical x-ray imaging with 

x-ray energy range (20-150 kVp), the main x-ray interactions with matter are photoelectric 

absorption,Thomson or Rayleigh (coherent/elastic) or Compton scattering incoherent/inelastic 

(Cho et al 1975, Phillips and Lannutti 1997). The probability of a particular interaction 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384159/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384159/#R28
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depends on the photon energy as well as on the density and atomic number of the absorber, 

and is generally expressed in the form of an interaction cross section. Under x-ray absorption 

contrast imaging technique x-ray images are formed when incident x-ray intensity is 

attenuated inside human body following the Beer lamberts’ law which is given by following 

equation (Jackson et al 1981).  

     I (x) = I0
  exp -µ (E) x 

I0 = x-ray fluence in entrance 

I(x) = x-ray fluence at position x =fluence in exit 

µ (E) = x-ray linear attenuation coefficient (cm-1), depends on x-ray photon energy,  

 The linear attenuation coefficient (μ) of a material responsible for the x-ray image 

contrast is dependent on the density of a material (Falcone et al 2005). In tissue, mass 

attenuation coefficient is expressed as µ /ρ (cm/gm), where ρ is the tissue density (gm/cm3). 

Hence use of lower x-ray energy can produce good contrast images in mammography. 

 

Figure1.12 Plot of linear attenuation coefficient for the normal, cancerous tissue and other soft 

tissue equivalent materials [Taken from Taibi et al 2003]  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384159/#R11
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The Beer-Lambert's law is ideally valid for monochromatic x-ray source. In commercial x-ray 

devices where polychromatic x-ray sources are used, the additional filters are added to filter 

out low energy x-rays and also mathematical algorithms are applied to correct the artifacts 

such as distortion and false density gradients (Kelkar et al 2015).  

1.5.3 X-ray phase contrast imaging (XPCI)  

 X-ray phase contrast imaging (XPCI) technique overcomes the limitation of 

absorption based x-ray imaging by providing improved visibility of structural features and 

small density variation in the material due to edge enhancement effect. Image produced under 

XPCI technique is based on physical effects that are different from absorption based 

conventional x-ray imaging, such as refraction, interference, scattering, etc. In medical 

imaging field, XPCI has been employed by three methods which are propagation, interference 

and analyzer based and present study employs the propagation based method for producing 

phase contrast. Propagation based XPCI technique relies on the principle of refraction of x-

rays at the boundary defined by two different density regions. The refracted and direct wave 

propagates a finite distance and interferes due to a path difference to produce bright and dark 

fringes. Outcome of this interaction is manifested in terms of edge enhancement along the 

boundary of interest. Under XPCI technique, an air gap between the object and the detector is 

established to transform the phase gradients generated by the interference of x-rays having 

different phase shifts into intensity gradient on the image (Dreossi et al 2008, Matsuo et al 

2005, Weon et al 2006). Use of a suitable imaging system with coherent source and high-

resolution detector along with numerous optimized experimental parameters such as object to 

detector distance, beam energy and exposure time can produce projection images with 

optimum phase contrast and high resolution. When x-ray propagates through the matter, it is 
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described in terms of wave equation which considered to be the sum of incident and scattered 

radiation. Due to x-ray interaction with medium both of its amplitude & phase are modified 

which is described by the complex form of the refractive index ‘n’ of the medium, which for 

x-ray is very close to unity and is described as n=1- δ- iß, where δ is the index decrement that 

is responsible for the phase shift and ß is the absorption index ((Dreossi et al 2008, Matsuo et 

al 2005, Weon et al 2006).There are mainly two theoretical models to study mechanism of 

contrast formation in propagation based phase contrast imaging (PB-PCI) namely transport of 

intensity (TIE) equation and contrast transfer function (CTF). TIE and CTF, both explain the 

process of image contrast generation and give a quantitative relation between the image 

contrast and experimental parameters. TIE equation relate these variables with phase shift 

induced by a sample, through a differential equation while the CTF equation is based on 

solution of Fresnel propagation integral and relatively more complex (Langer et al 2007, 

Chukhovskii and Guigay 1993). Following section provides the detail of these two 

mechanisms of contrast formation in propagation based phase contrast image.  

Transport of intensity equation (TIE) 

The transport-of-intensity equation theory is proposed by T.E. Gureyev and K.A. Nugent in 

1990s (Gureyev et al 1996). The TIE theory is mainly used to retrieve phase information from 

intensity distribution of a wave field. The TIE equation shows that phase shift introduced by a 

sample and the intensity recorded by the detector at sample-to-detector distance z are related 

by a second order differential equation as given below. 

  

2( , , ) ( , ,0)[1 ( , ,0)]
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The TIE equation shows that the phase contrast image intensity is decided by the second order 

derivative of phase. The TIE model uses a linear partial differential equation to approach to 

the non-linear procedures of x-ray transportation through samples and space under the under 

the short propagation distance approximation (Paganin 2006, Guigay et al 2007).  

Contrast transfer function (CTF) 

 Another theory is proposed by S.W. Wilkins and the research group from CISRO 

called contrast transfer function (CTF). This theory is based on Fresnel diffraction model 

which explains that beam interaction with an object can be described by its optical transfer 

function and mathematically implemented by its multiplication to the wave function of 

incident wave (Paganin 2006, Guigay et al 2007). The CTF calculation is based on in-line 

approximation conditions. This is further propagated through free space in PCI and 

formulated by convolution of wave function with Fresnel propagator. Under this theory it is 

considered that the beam propagates in the z direction and r = (x, y) is a two dimensional 

vector in the direction transverse to propagation direction. Considering the transmission of a 

monochromatic, coherent, plane wave of unit intensity through an object described by the 

distribution of complex refractive index. Under small angle approximation, the equation 

2 2

0( ) [ ( ; ) 2 ( ; )cos( ) 2 ( ; )sin( )]zI u I u u zu u zu
 

          
 

called contrast transfer function relates the fourier transform of the image intensity to the 

experimental parameters such as wave length, propagation distance and detector resolution or 

object features though object frequency (u) under Born-type approximation i.e. weak 

absorption and phase in object μ(r) ≪ 1, φ(r) ≪ 1.  
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 There are various experimental parameters which affect image quality in XPCI such as 

source size and flux, coherence, parallel beam with divergence and polychromaticity. Hence 

optimization of all these parameters is required for achieving the good quality images. 

1.6 Factors affecting image quality parameters  

Image quality characterization is mainly based upon three primary physical parameters i.e 

contrast, resolution and noise (Andrew and Srinivasan 2012). Following section provides the 

detail description of these three image quality parameters.  

1.6.1 Contrast  

 Contrast is defined as the difference in the image gray scale between closely adjacent 

regions on the image. In medical imaging contrast is the outcome of a number of different 

steps that occur during image acquisition, processing and display (Bushberg et al 2002).  It 

depends upon many factors such as subject densities, atomic numbers and thicknesses. 

Sensitivity of an imaging system or technique to distinguish smallest object contrast is a 

measure of its merit and called contrast sensitivity.  

1.6.2 Spatial resolution  

 Spatial resolution refers to the ability of an imaging system to record fine detail. 

Spatial resolution losses occur because of blurring caused by geometric factors (eg, the size of 

the x-ray tube focal spot, light diffusion in the receptor), detector element (del) effective 

aperture size, and motion of the patient relative to x-ray source and image receptor ( Williams 

et al 2007). There are three types of radiographic blurring: (1) motion, (2) geometric and (3) 

image receptor. The reciprocal of it is called the Spatial Frequency, which is generally 

expressed in line pairs/mm (LP/mm) or cycles/mm. Spatial resolution of the image system can 

be assessed by imaging a pattern of evenly spaced x-ray opaque bars (100 percent contrast) 
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and determining the greatest number of cycles per millimeter (bars and spaces) that can be 

resolved. Unsharpness in the imaging process will eventually make the bars and spaces blur 

together. This defines the limiting spatial resolution (LSR) as the unsharpness causes the 

contrast between bars and spaces to become inadequate. A more sophisticated measure of 

resolution is MTF which describes the relationship between sharpness and contrast in imaging 

patterns whose x-ray transmission varies sinusoidally with position. Under MTF evaluation, 

Fourier methods are employed mathematically by measuring response of imaging system to a 

sharp edge input. Due to unsharpness created by factors in the imaging system, image of the 

sharp edge becomes spread out over a broader area than its ideal. The effect is seen in the plot 

profile, which consists of spread (tail) extending around the edge. This type of profile is called 

the Line Spread Function (LSF). The same type of effect can be seen in two dimensions using 

a pin hole and is called the Point Spread Function (PSF).When the Fourier Transform of an 

LSF is calculated, then the imaging system‘s response to sine waves of all spatial frequencies 

is obtained. This response is called the Modulation Transfer Function (MTF). It can be seen 

that the modulation falls off with increasing spatial frequency.  

1.6.3 Noise 

Radiographic noise or mottle is the unwanted variation in random optical density in a 

radiograph that has been given a uniform exposure. For screen film mammography, major 

sources of radiographic noise include: (i) quantum mottle, (ii) screen structure, (iii) film grain, 

(iv) film-processing artifacts, and (v) x-ray to light conversion noise (NCRP 149 2004). In 

digital mammography other than quantum noise, other form of noise is structural fluctuation 

in sensitivity over the area of the detector which is known as fixed pattern noise. Fixed pattern 

noise is defined as del to del sensitivity variation which remains constant over time. This 
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noise can be easily removed by applying a flat fielding or gain correction to each acquired 

image.  

1.7 Mammography dosimetry 

 The estimation of the absorbed dose to the breast during mammography is a long-

established part of quality control procedures for breast imaging systems and is also necessary 

for risk estimation (Dance and Sechopoulos 2016). Breast dosimetry is included in all national 

protocols for the quality assurance or quality control of mammography as well as in the 

international protocols of the European guidelines (EC 2013) and the IAEA 2007. It is evident 

from the various published studies that breast tissue is sensitive to radiation carcinogenesis, 

hence it is important to monitor the radiation dose delivered to the breast (NCRP 149 2004). 

In mammography, the potential carcinogenic radiation risk is more for the glandular tissues in 

the breast when compared to adipose, skin and areolar (nipple) tissues (NCRP 149 2004). 

 There are major variables that affect the breast dose per view delivered in a 

mammographic examination are: the choice of image receptor, the x-ray beam energy (HVL, 

and kilovolt peak), the degree of breast compression, and the breast size and adiposity. 

Female breasts vary greatly in size and adiposity resulting in significant range of dose values 

for a given technique. The compressed breast thickness affects dose to a great degree and 

hence must be specified to obtain accurate dose values. Both ionisation chamber and 

thermoluminescent dosimeters (TLD) have been used for MGD measurements. In 

mammography, the ionisation chamber response should be constant to ± 10 percent for beams 

of 0.3 to 1.5 mm Al HVL, and have a standard traceable calibration issued by the authorized 

national /international agencies (EC 1996). Most commonly used TLDs in mammography are 

LiF: Mg,Ti, LiF: Mg,Cu,P and Li2B4O7:Mn, because of their tissue equivalence. 
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1.7.1 Quantities and units used in mammography dosimetry 

 A wide range of x-ray spectra are used for mammography due to which it has been 

realised that the entrance exposure at the top of the breast is a poor measure of risk as the dose 

within the breast decreases rapidly with increasing depth. Evaluation of MGD for a given 

mammographic view requires knowledge of the x-ray exposure (free in air), the x-ray beam 

quality in terms of half value layer (HVL), operating potential and the compressed breast 

thickness.  
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Chapter 2 

======================================= 

 Sensitometry of mammography film 

======================================= 
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2.1 Introduction  

 In India screen-film mammography (SFM) systems are still in use at most of the rural 

areas and also at some of the areas in urban city. In SFM, the quality of the mammographic 

image depends upon the equipment and processing methods used for the films (Brink et al 

1993). Light sensitometry is a suitable method to measure the performance of the processor 

and evaluation of the film performance (EC 2001, West et al 2000). Mammography technique 

requires high radiographic contrast that is influenced by subject contrast and film contrast. 

Film contrast depends upon the film type, film processor, processor chemicals/ processing 

cycles and fog. Different mammographic films present different sensitometric characteristics 

which can be altered by the processing conditions (EC 2001, Kimme-Smith et al 1989). Thus, 

in a mammography facility any change in film type, film processor, processor chemicals or 

processing cycles should be thoroughly investigated using standard techniques before 

mammograms of patients are acquired ( AAPM 29 1990).  

 In mammography imaging, the film processor has been identified as the weakest link 

for production of the poor image quality. Several studies in this direction have reported that 

major cause for low contrast and high dose values observed in the mammography are due to 

poor film processing conditions (Murray et al 1992). The American College of Radiology 

(ACR, 1999) manual describes comprehensive procedure for processor quality control (QC) 

including processor operating levels, daily sensitometry and film crossover effects (ACR 

1999). Also, according to the ACR mammography QC protocol, it has been recommended 

that for mammography film processing a dedicated processor unit should always be 

maintained as a typical single sided emulsion coated mammography films require more 

developing time for proper development since these are slow speed films (ACR 1999). A 
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survey by on-site visit of 30 mammography centers in Mumbai, India was conducted to 

acquire the information related to the processor type, processing temperature/time, chemicals, 

film and pH of the processing solutions as shown in table 2.1. Although various 

mammography centers have used both Kodak and Agfa mammography films but Kodak was 

the film which has been used in large quantity. In most of the surveyed centers it was 

observed that the measured and set temperature on the processor varied by more than 5ºC. 

Even the temperature control system of the processors was not working in many of the 

facilities. It was also observed that at some of the places manual processors were in use which 

has contributed large variation in the development time of mammography film. It was also 

observed that replenishment rate of the developer solutions were inadequate which resulted in 

a rapid decrease in the concentration of the developer solution. The use of a common 

processor for processing the medical x-ray films (radiography and mammography) in the 

radiology department was found to be the major reason for finding the inadequate 

replenishment. Also, at few centers it was observed that the pre-used and exhausted developer 

solution was sent back to the machine as replenishment. 

 In India where the work load for routine radiography is much significant in 

comparison to mammography workload, it becomes impractical to have a dedicated 

mammography processor. With the use of a common processor it becomes utmost important 

that the processor undergoes daily QC check and a record for the same is maintained and 

analyzed because the use of a common processor results in rapid decrease in the concentration 

of the developer solution if the replenishment rate is inadequate. During visit to the many 

mammography centers we have observed that none of the facilities were having processor QC 

equipments like sensitometer, densitometer, pH meter and digital thermometer. While 
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interacting with the mammography technologists working in these centers, it was found that 

majority of them are not aware about the mammography QC procedures.  

 The present study investigates the effect of changing the development temperature and 

time on the sensitometric indices like base plus fog, ODmax, AG and speed of Kodak MinR-

2000 mammography film. The aim of the study was to emphasize the importance of dark 

room QC procedures to be carried out by the technologists in the mammography centers of 

India as it is well established that daily QC programme for the processing conditions will 

remove any discrepancy incurring due to processor related variables which may spoil the 

patient film images leading to retake. 
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Table 2.1 Summary of the survey conducted at 30 mammography centers, Mumbai, India to acquire information related to 

mammography processing conditions  

Processor type 

(No. of 

processor units) 

Temperature 

control 

option 

Measured 

temperature 

ranges 

Processing 

time 

(seconds) 

Processing chemicals used Film 

used 

Measured pH ranges of  

developer/Water/Fixer 

Kodak M 35 

XO-Mat 

(8) 

Inside 28-30 ºC 90 Kodak ,Agfa and Fuji 

chemicals 

Kodak, 

Agfa 

9.2-10.6  /7.0-7.1/ 4.0-5.8 

Protec Optimax 

(7) 

Outside 30-33 ºC 90 Kodak ,Agfa, Fuji and Rolex 

chemicals 

Kodak, 

Agfa 

8.5-10.1/6.9-7.0/3.6-4.9 

Konica SRX-

101A 

(2) 

Outside 29-33 ºC 90 Kodak, Agfa, Fuji, Konica 

and Rolex chemicals 

Kodak, 

Agfa 

9.5-10.5/7.0-7.5/4.8-5.2 

Promax 

(6) 

Outside 29.5-33 ºC 90 Kodak, Agfa, Fuji and Rolex 

chemicals 

Kodak, 

Agfa 

9.0-10.7/6.9-7.2/5.0-5.3 

Velopex ExtraX 

(3) 

Inside 32.5-34  ºC 90 Kodak, Agfa and Fuji 

chemicals 

Kodak, 

Agfa 

8.9-10.3/7.1-7.2/3.9-4.8 

Ecomax 

(1) 

Outside 30- 30.5 ºC 117 Kodak, Agfa and Fuji 

chemicals 

Kodak, 

Agfa 

9.0-10.5/7.0-7.6/3.8-5.5 

Manual 

(3) 

Outside 26-28.1 ºC Variable as 

per the 

technologists 

choice 

Premier and Photon 

chemicals,  

Kodak, 

Agfa 

9.1-11.8/7.0-7.3/2.7-5.9 
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2.2 Materials and methods 

2.2.1 Light sensitometry 

 A light sensitometer, with single flash and incorporated with blue and green emitting 

light sources and an optical step wedge was used for exposing the film. A Victoreen dual 

colour and dual control electronic sensitometer model 07-417 operated in the green spectrum 

was used to produce a 21-step sensitometric strip as shown in figure 2.1. Total 33 film strips 

were cut from a single Kodak MinR-2000 mammography film box. Assuming film to film 

variation is negligible, these film strips were randomly grouped together to form three sets 

comprising 11 film strips per set. Every subsequent step transmitted 40% more light than the 

previous step, and was associated with an increase of a log relative exposure of 0.30.  

 

 Figure 2.1 A filmstrip exposed for light sensitometry  
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2.2.2 Processing 

 A set of 3 film strips was exposed using a light sensitometer for a given processing 

temperature and time. To examine the effect of varying development temperature on the film 

sensitometric characteristics, these strips were developed in an automatic film processor 

(PROMAXTM, Chayagraphics (India) Pvt, Ltd., Bangalore) with Rolex processing chemicals 

which has an outer knob for temperature control. Developer chemical is made up of 

hydroquinone (C6H6O2) and metal/phenidone (C9H10N2O) in which sodium sulphite is used as 

a preservative and potassium bromide as restrainer. Fixer chemical is made up of 

sodium/ammonium thiosulfate (H8N2O3S) in which potassium alum (KAl(SO4)2) is used as 

hardener and sulfuric/acetic acid (C2H6O6S) is used as acidifier. The processor model has a 

constant development time of 1.5 minutes. As the variation of development time was not 

possible in this automatic processor, a manual processing facility with Kodak chemical was 

employed to study the effect of varying development times on the film sensitometric 

characteristics at constant development temperature of 260C±10C. The manual processing 

facility comprises three anti-corrosion steel tanks each of 30 liters capacities which were 

separately mounted on the stands made up of iron rods. A digital thermometer having 0.10C 

resolution and ±0.20C accuracy was used to measure the temperature of developer, water and 

fixer solutions. A pH meter having the range of -1.0 to 19 pH, resolution of 0.1 pH and 

accuracy of ±0.1 pH was used to verify the pH of the developer, water and fixer solutions.  

2.2.3 Densitometry 

 The optical density is defined as the logarithmic ratio of the incident light intensity to 

the transmitted light intensity. For measurements of the optical density of the film strips a 

standard diffuse transmission Optel Trans-4 densitometer having white light source and 
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accuracy of D = ±0.01 was used. To study the sensitometric indices of a mammography 

film, Hurter and Driffield (H&D) curves were plotted for three film strips corresponding to 

one set of processing condition. This densitometer was calibrated to a photographic density 

strip standards traceable to NIST, USA. Figure 2.2 shows the photograph of the processor 

quality control kit used in the study. 

 

Figure 2.2 Photograph of processor quality control kit 

 

2.2.4 Evaluation of sensitometric parameters 

 Characteristic curves were measured for five different development temperatures and 

six different development times. The base plus fog level, ODmax, average gradient (AG) and 

speed were calculated from the characteristic curve of each film strip. For a single set of 

processing condition three film strips were analyzed as we have processed the three film strips 

in a single processing condition. The mean values and standard deviations of these three film 

strips data were calculated.  
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2.2.4.1 Basic fog density 

 A base plus fog level of more than 0.20 OD is generally recommended as 

unacceptable (Sharma and Sharma 2012). Therefore measurement of this parameter is most 

important.  The base fog density is defined as the optical density of an unexposed film simply 

after fixing the film whereas the base plus fog density is referred to the density of unexposed 

film when it is subjected to the complete film processing cycle. 

2.2.4.2 Average Gradient (Ĝ) 

 The average gradient of the characteristic curve is an indication of the contrast of the 

film. The average gradient is determined by the slope between the two points with an optical 

density of 0.25 plus base plus fog and an optical density of 2.0 plus base plus fog and is given 

by the expression Ĝ = (D 2 – D1)/ (log E2 – logE1).  

where D2 and D1 are net densities of 2.0+ basic fog and 0.25+ basic fog respectively and E2 

and E1 are the corresponding values of exposures (in milli Roentgen). The required average 

gradient for a mammography film is ≥3.0.  

2.2.4.3 Speed    

 The sensitivity or speed of a screen film system is derived from the sensitometric 

curve. The absolute speed of a screen film system can be determined from the sensitometric 

curve which is simply the inverse of the exposure (measured in Roentgens) required to 

achieve an OD of 1.0 + Basic fog. 

2.2.4.4 Maximum optical density (ODmax) 

 The maximum optical density which can be produced on the medical X-ray film is 

called its ODmax and its specified limit for a mammography film is ≥ 3.0 OD.  
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2.3 Results and discussion 

 Figure 2.3 shows the characteristic curves of a Kodak MinR-2000 mammography film 

at five different development temperatures (32, 33, 34, 35 and 370C) and a constant 

development time of 1.5 minutes. Figures 2.3.1 (a), 2.3.2 (b) and 2.3.3 (c) show the measured 

variation in the average gradient, film speed and ODmax of the film at five different 

development temperatures.  

 

 

Figure 2.3 Characteristic curves of a single emulsion Kodak MinR-2000 mammography 

film at five different development temperatures at constant development time of 1.5 minutes 
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Figure 2.3.1 (a) Variation in the average gradient of a single emulsion Kodak MinR-2000 

mammography film with varying development temperature at constant development time of 

1.5 minutes 

 

Figure 2.3.2 (b) Variation in the speed of a single emulsion Kodak MinR-2000 mammography 

film with varying development temperature at constant development time of 1.5 minutes 
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Figure 2.3.3 (c) Variation in the ODmax of the single emulsion Kodak MinR-2000 

mammography film with varying development temperature at constant development time of 

1.5 minutes 

 Figure 2.4 shows the characteristic curves of a single emulsion Kodak MinR-2000 

mammography film at six development times (1, 2, 3, 4, 5 and 6 minutes) and a constant 

development temperature of 260C±10C. Figures 2.4.1 (a), 2.4.2 (b) and 2.4.3 (c) show the 

measured variation in the average gradient, film speed and ODmax of the film at six 

development times. 
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Figure 2.4 Characteristic curves of a single emulsion Kodak MinR-2000 mammography film 

at six different development times at constant development temperature of 260C 
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Figure 2.4.1 (a) Variation in the average gradient of a single emulsion Kodak MinR-2000 

mammography film with varying development time at constant development temperature of 

260C 

 

Figure 2.4.2 (b) Variation in the speed of a single emulsion Kodak MinR-2000 mammography 

film with varying development time at constant development temperature of 260C 
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Figure 2.4.3 (c) Variation in the ODmax of a single emulsion Kodak MinR-2000 

mammography film with varying development time at constant development temperature of 

260C 

2.3.1 Base plus fog level 

 The base plus fog levels of the film strips were not adversely affected with change in 

development temperatures and times involved in the study. Although not shown, the constant 

base plus fog level of 0.11±0.00 was recorded when the development temperature was varied 

from 32 to 370C. For the development times between 1 to 4 minutes the base plus fog level 

was 0.11±0.00 and for the development times between 5 mins to 6 mins the base plus fog 

level has the single value of 0.14±0.00. 

2.3.2 Film contrast 

 The average gradient for the developing temperature and times is presented in figure 

2.3.1 (a) and figure 2.4.1 (a) respectively. When the developing temperature was increased 

from 320C to 340C, the average film gradient decreased from 3.29±0.01 to 3.13±0.005 
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respectively at a fixed development time of 1.5 mins. There was a rapid increase in average 

film gradient from 3.13±0.005 to 3.4±0.00, when the developing temperature was increased 

from 340C to 350C which means an increase in contrast level of 23%. When developing 

temperature was increased from 35 to 370C there can be seen a rapid decrease in the average 

gradient of the film from 3.4±0.00 to 2.48±0.01 which means a decrease in contrast level of 

37%. The average film gradient increased from 3.05±0.005 to 3.27±0.01 when the developing 

times were increased from 1 minute to 3 minutes at a fixed development temperature of 

260C±10C. It is also observed that the average gradient starts decreasing from 3.27±0.01 to 

2.66±0.02 when the times were increased from 3 mins to 6 mins.  

2.3.3 Speed 

 The speed for the different temperatures and times are shown in figure 2.3.2 (b) and 

2.4.2 (b) respectively. A rise in temperatures from 320C to 370C had an appreciable impact on 

the speed of a film which has increased from 0.015± 0.000 at 320C to a maximum value of 

0.0236±0.000 at 370C which means a decreased radiation level of 56%. At a fixed 

development temperature of 260C±10C the speed increased when the developing times were 

increased from 0.011±0.000 at 1 min and to a maximum value of 0.025±0.000 at 5 mins 

which means a decreased radiation level of 25%. At development time of 6 minutes the speed 

of the film was measured as 0.017±0.000 which means an increased radiation level of 48% 

when compared with maximum speed obtained at 5 mins development time. 

2.3.4 Maximum optical density (ODmax) 

 The maximum optical density (ODmax) produced on a film for the different 

temperatures and times are shown in figure 2.3.3 (c) and 2.4.3 (c) respectively. A rise in 

temperatures from 320C to 370C shows the increase in ODmax of a film from 3.74 ±0.01 at 
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320C and to a maximum value of 3.76± 0.05 at 340C. It was also observed that when 

development temperature was increased from 340C to 370C, the measured ODmax decreases 

from 3.76±0.05 to 3.67±0.02 as can be seen hown in figure 2.3.3(c). 

 At fixed development temperature of 260C±10C, a rise in development times 1 min to 

6 mins had an appreciable impact on the ODmax of a film as it is increased from 3.54 ±0.03 at 

1 min and to a maximum value of 3.71±0.01 at 4 mins. When the development times were 

increased from 4 mins to 6 mins the ODmax decreases from 3.71±0.01 to 3.61±0.05.The 

observed ODmax values do not show much significant change with applied processing 

variables.  

 Alteration in the sensitometric indices e.g. average gradient, film speed and ODmax of a 

mammography film due to influence of development temperature and time can be seen in the 

study. In this context, it may be noted that Tsalafoutas et al (2004) has made an investigation 

to study the variation of the seven mammography films with processing conditions and 

showed that the different mammography films present different sensitometric characteristics 

that can be altered by processing conditions. It is evident from the present study that for the 

investigated film and processing variables,  the best development temperature range is 32 to 

350C for an automatic processor cycle time of ~1.5 minutes as on these settings the average 

gradient requirement needed for a film has been optimized. In case of required film speed and 

ODmax values the above said temperature settings are again considered to be the best choices. 

Also it can be seen from the figure 2.4 that the best suitable development time ranges for the 

manual processor setting applied in the study are 3 to 5 minutes for getting the optimized 

parameters investigated e.g. AG, film speed and ODmax.  
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2.4 Conclusions  

 Sensitometric characteristics of the Kodak MinR-2000 mammography film were 

evaluated with varying processing temperature and time. This mammography film is widely 

used in most of the mammography departments and shows the influence of processing 

conditions on its sensitometric characteristics. Although a single type of mammography film 

was used in this study, the effect of processing variables on any type of mammography film 

cannot be excluded which brought the changes in its sensitometric indices due to varying 

processing conditions. In depth analysis of sensitometric characteristics of a film from the 

contrast and radiation level point of view concludes that that there is a need for each 

mammography centre to carry out sensitometric study for their film and development 

chemistry to optimize the image quality and radiation dose levels.  
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Chapter 3 

======================================= 

 Development of mammography phantom 

======================================= 
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3.1 Introduction 

 Phantom based measurements in mammography are well suited for quality control and 

inter system comparisons (Craig et al 2001, ACR 1999, NCS 6 1993). Polymethyl 

methacrylate (PMMA) is among the best suitable materials for simulation of the breast 

(Dance et al 1999, Thilander-Klang 1997).  It is an inexpensive readily available material 

which can be easily machined for making mammography phantom of desired geometry. 

Homogeneous PMMA phantom is suitable for dose measurements and quality control of the 

operational function of the automatic exposure control (AEC) unit. However, for studies of 

mammography image quality other phantoms need to be used (Thilander-Klang 1997). 

Commercially available mammography phantoms such as NA phantom (Nuclear Associates, 

Cleveland, Ohio, USA), CIRS-011A phantom (Computerized Imaging Reference Systems 

Inc. Norfolk, Virginia, USA), ACR accreditation phantom and BR-12/L-016A phantom 

(Ludlum Measurements Inc., Texas, USA) are used to measure image quality and mean 

glandular dose (MGD) during quality assurance (QA)/quality control (QC) testing of the 

mammography machine.  

 Presently, in India, mammography QC programme have not been initiated at national 

level and higher purchasing cost of the QC test tools including imaging and dosemetric 

phantoms are the major cause behind it. Considering the cost and availability of the 

mammography phantom, a PMMA phantom was developed for mammography imaging and 

dosimetry as import substitute to demonstrate its suitability in the quality assurance QA/QC 

of mammography systems. In screen-film mammography, the exposure is normally controlled 

by AEC system and the correct operation of this system is essential if mammograms are to be 

produced with a suitable film exposure. Calibration of the AEC system is required for the 
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correct film exposure to be obtained for the wide range of breast thicknesses and 

compositions. Under AEC mode, the radiation exposure is usually controlled by a detector 

positioned behind the image receptor which monitors the x-rays transmitted. The exposure is 

terminated when the monitor reaches a predetermined level corresponding to the desired 

optical density on the film. AEC compensation can be assessed using varying thicknesses of 

tissue mimicking materials such as Perspex and considering this a PMMA based 

thermoluminescent dosimeter (TLD) slot phantom was locally developed and fabricated 

which can be used to evaluate the various QC parameters of a mammography machine such as 

breast entrance exposure (BEE), MGD, percentage depth dose (PDD) /percentage surface 

dose distribution (PSDD), calibration check of AEC and density control function of a 

mammography machine. Under this study, a brief description of the phantom and its 

application for testing the various QC parameters of a mammography x-ray machine have 

been described.  

3.2 Materials and methods 

3.2.1 PMMA TLD slot phantom 

 The PMMA TLD slot phantom shown in figure 3.1 is made up of PMMA slabs of 

different length and radii. The length and radius of the central slab is of 21 cm and 10 cm 

respectively and every slab on either side of the central slab continue to decrease in length and 

radius at an interval of 5 mm respectively. The total thickness of phantom is 5 cm comprising 

total 10 slabs. The same sheet of PMMA was used while making the slabs of different radius 

and length to avoid the differences in thickness (Faulkner et al 1995). The thickness of each 

slab is 5mm and every slab has 15 TLD slots comprising 3 slots in a row at five different 

locations as shown in figure 3.1. The total thickness of developed phantom was kept 5 cm 
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because a comparison of entrance surface dose for radiographs of PMMA phantoms of 

varying thickness and compressed breasts of various thicknesses shows agreement for 

thicknesses of about 5 cm (Zoetelief et al 1989b). As a reference phantom for dosimetry, a 5 

cm thick PMMA phantom has been recommended (NCS 6 1993). 

 

 
 

Figure 3.1 Schematic drawing of PMMA TLD slot phantom and photograph of original 

phantom having center slab of length 21 cm and radius of 10 cm along with ionization 

chamber for the measurement of the breast entrance exposure  

3.2.2 Mammography x-ray machine 

 The mammography machine employed for testing of the phantom is a screen–film 

mammography (Model: Xtromam-2000, Xtronics Imaging Systems, Mumbai, India). The 

system contains image receptor assembly, moving grids and compression paddles for both 18 
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x 24 cm and 24 x 30 cm image receptors. The X-ray tube has Mo/Mo target filter 

combinations with 0.76 mm beryllium window and 30-µm molybdenum filters. The x-ray 

tube has a rotating anode and focal spot sizes of 0.3 mm2 to 0.1 mm2.  The maximum 

operating potential and current of the unit is 35 kV and 60 mA. It has got a microprocessor 

controlled, full wave rectified generator of 3 kilowatt (kW) capacity. The available 

compression force range is 110 –200 Newton and is never more than 200 Newton, which is 

the tolerable limit. The compression paddle gets released immediately on the termination of 

the exposure. The compression paddle can be released manually in case of power failure. The 

x-ray tube insert is imported from UK (Varian Medical Systems). The HVL was determined 

for tube voltages from 24 kV to 35 kV with a Mo/Mo target filter combinations. HVL 

measurements of the mammography machines were carried out following the methodology 

recommended by American College of radiology (ACR 1999). The distance between the focal 

spot and the image receptor for the machine is 60 cm. Comprehensive QA tests were carried 

out before using this machine in the present study. 

 Various mammography guidelines/protocols recommended the use of different types 

of phantoms for dosimetry including PMMA phantom (Craig et al 2001, ACR 1999, Tung et 

al 2010, EC 2006). For comparing its percentage radiation transmission property with four 

other commonly available phantoms it was exposed at 28 kVp in the mammography machine.  

3.2.3 Measurements of breast entrance exposure (BEE) and mean glandular dose 

(MGD)  

 All the exposure measurements were carried out on the XTROMAM-2000 

mammography machine and before taking the phantom for exposure, the kilovoltage peak 

(kVp) reproducibility and half value layer (HVL) measurements of the machine were carried 
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out. For the measurement of HVL of the beam in Al (1100 alloy) and kVp, the Victoreen 

Model 8000, NEROTM mAx (Inovision Radiation Measurements, Cleveland, Ohio, USA) 

along with an internal chamber (with an accuracy of ±1 kV and ±5% radiation output) was 

used. The calibration of this system was traceable to National Institute of Standards and 

Technology (NIST), USA. An external mammographic ionization chamber (Victoreen Model 

6000-529, Volume 3.3 cc3) with a calibration traceable to NIST, USA was used to evaluate 

the breast entrance exposure (BEE). The experimental set up of BEE measurement is shown 

in figure 3.1. The MGD values were derived from the BEE applying two different methods. In 

first method conversion factors given by Dance was used while in the second NCRP-149 

recommended data was used (Dance 1990, NCRP 149 2004).  

 As per Dance’s method, the MGD was calculated by multiplying BEE by a conversion 

factor ‘p’ which converts the air kerma for a tissue equivalent phantom to a model breast and 

another factor ‘g’ which is dependent on breast thickness and beam quality. The following 

equation for calculating MGD value from BEE was used. 

    MGD = Kf. g. p    (3.1) 

  Where Kf is measured BEE without backscatter contribution from the phantom. As per 

NCRP-149 recommended method, the MGD was calculated by multiplying BEE by a 

conversion factor provided by Wu et al (1991). The following equation for calculating MGD 

value from BEE was used. 

    MGD = XESE .DgN    (3.2) 

where XESE is the BEE and DgN   is the mean glandular dose (millirad) for 1 R entrance skin 

exposure (free in air) for Mo/Mo target/filter and 50: 50 glandular/adipose breast tissue 

combinations. 
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3.2.4 Thermoluminiscence dosimetry 

 LiF: Mg, Cu, P, chips (TLD-100 H, Poland make) of dimensions 3.2 mmX3.2 

mmX0.38 mm were used in this study. This TL material was selected for dose measurements 

because of its sensitivity and near tissue equivalence for low energy photons used in 

mammography (IAEA HHS 2009). 200 TLD chips were stored in a specially fabricated 

galvanized Al tray which has engraved circular disc hole of diameter 5 mm and depth 0.5 mm 

in the matrix form of 15 x 15 rows and column. These chips were annealed at 2400C for 10 

minutes in an annealing oven having temperature control with an accuracy of ± 10C. After 

annealing, the TLD containing Al tray was placed in another Al tray for purpose of cooling. 

200 freshly annealed chips were irradiated at 100 kVp uniformly in a Polydoros-LX, 

diagnostic x-ray unit (Siemens Ltd. Mumbai, India) with total filtration 3.6 ± 0.4 mm 

aluminium (Al). Chips having sensitivity variation within 1% were selected for further 

measurements.  

 TL response calibrations of the TLD-100 H chips were carried out at known doses   

corresponding to 22 kVp to 35 kVp in the mammography. Measurement for reading out of the 

exposed TLD chip was carried out in a Harshaw TLD reader (Model 3500).  

3.2.5 Measurements of percentage depth dose (PDD) and percentage surface dose 

distribution (PSDD)  

 For PDD measurements, 3 freshly annealed chips of TLD-100 H were placed on 

central TLD slot of every slab of the PMMA TLD slot phantom as shown in figure 3.2. Total 

30 chips were used for PDD measurement corresponding to a single kVp.  For PSDD 

measurement corresponding to a single kVp, total 15 chips were used by keeping them at 5 

different places on the surface of the phantom as shown in figure2. For both PDD and PSDD 
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measurement PMMA TLD slot phantom was positioned at 60 cm distance from the source. 

The measurements were made employing different mammography X-ray beam qualities at 

tube voltages of 24, 28, 30, 33 and 35 kVp. PDD Vs depth curves were plotted and a 

generalized fit equation was derived from the experimental data.   

 

 

Figure 3.2 TLD positions at 5 different places in PMMA TLD slot phantom for measurement 

of the percentage surface dose distribution 

3.2.6 Performance evaluation of automatic exposure control (AEC) system  

 AEC system of a mammography machine maintains a constant image optical density 

over a broad range of imaging techniques and patient variables. AEC performance of the 

XTROMAM-2000 mammography X-ray machine was evaluated using PMMA TLD slot 

phantom of 2, 3, 4, and 5 cm thickness. For evaluating the performance stability of this 

function, normal density setting i.e. ‘0’ setting was used. The machine was operated in fully 

automatic mode in which automatically kVp and mAs get selected. PMMA phantom of 

varying thicknesses was positioned on the image receptor with dimensions of 18 cm x 24 cm. 

Kodak film loaded in a Kodak min- R-2 cassette with Kodak min- R-2190 screen was placed 
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in a bucky system for exposing the phantom every time. Prior to each exposure, it was 

ensured that the phantom fully covers the AEC system sensor. For every exposure, kVp and 

mAs were recorded.  The image optical density was measured at the center of each of the 

phantom film using a standard diffuse (Optel Trans-4 (Indian) B/W) transmission 

densitometer having white light source and accuracy of D = ±0.01. The densitometer was 

calibrated against a photographic density strip standard traceable to NIST, USA. It is 

recommended that the image optical density should ideally remain constant within a variation 

of ±0.15 as phantom thickness and clinical technique factors are varied.  

3.2.7 Performance evaluation of density control function 

         Density control function was evaluated using Kodak film, Kodak min- R-2 cassette and 

Kodak min- R-2190 screen.  PMMA phantom of 4.5 cm thickness was used to represent 

medium thickness of breast. The phantom was exposed at 30 kVp under semi automatic mode 

i.e. manual selection of kVp, machine will adjust mAs itself. It was ensured that the phantom 

fully covers the AEC system sensor before giving the exposure. The phantom was exposed in 

the density range of -2 to +2 of machine and the image optical density was measured at the 

center of each of the phantom film.  

3.3 Results and discussion 

 Results of the kVp reproducibility and HVL measurements of the XTROMAM-2000 

mammography X-ray machine are given in table 3.1.The reproducibility of measured kVp 

was within the tolerance limits of ± 5% and of the specified values over the clinically relevant 

range of 22 kVp to 35 kVp.  
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Table 3.1 kVp reproducibility and measured HVL values of the XTROMAM-2000 

mammography x-ray machine 

Set kVp Measured kVp Measured HVL (mm Al) 

22 21.90±0.24 0.32 

24 23.98±0.11 0.34 

25 25.10±0.12 0.36 

26 25.56±0.17 0.37 

28 27.82±0.15 0.38 

30 30.24±0.21 0.40 

32 32.14±0.15 0.41 

33 33.00±0.10 0.42 

34 34.10±0.07 0.43 

35 35.12±0.08 0.43 

  

 Table 3.2 presents the measured percentage radiation transmission property of the 

developed PMMA TLD slot phantom and commercial mammography dosimetry phantoms. It 

can be observed from table 2 that % radiation transmission of all the phantoms including our 

phantom is approximately equal to each other with the range value of 3.03 to 3.83. This 

verifies the suitability of our PMMA TLD slot phantom for mammography dosimetry. 

3.3.1 PDD and PSDD measurements 

 Figure 3.3 presents the variation of PDD with depth in PMMA TLD slot phantom at 

mammography beam energy of 24, 28, 30, 33 and 35 kVp with Mo/Mo target/filter 

combination. It is observed from this curve that PDD for all the five beam qualities follows 

the similar trend. This variation of PDD with depth in the phantom can be represented by the 

following general equation.  
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   PDD(x, Q) = A1 (Q). Exp (-x/t1) +Y0 (Q)    (3.3) 

 where A1 and Y0 are the fit constants the values of which depends on beam quality Q, x is the 

depth in cm and t1 is a fit parameter in cm-1 which are also dependent on beam quality Q. The 

exponential part of this equation represents the primary radiation which decreases with the 

depth. The values of the fit parameters for equation 3 for 24, 28, 30, 33 and 35 kVp with 

Mo/Mo target/filter combination are given in table 3.3. As can be seen from this table, the 

value of A1 has the value in the range of 93.34 to 97.81, t1 ranges from 0.93 to 1.22 cm-1 and 

Y0 has the values in the range of 6.48 to 2.68.  

 

Figure 3.3 Variation of PDD with depth in PMMA TLD slot phantom at mammography beam 

energy of 24,28,30,33 and 35 kVp with a Mo/Mo target/filter combination 

 



77 

 

Table 3.2 Percentage radiation transmission and aluminium equivalence of the developed 

PMMA phantom with commercial mammography phantoms 

Phantoms Compressed 

breast 

thickness 

(centimeter) 

kVp 

(HVL in mm Al) 

Percentage 

radiation 

transmission 

Al equivalence 

(mm) 

BR-12 4.3 28 (0.38) 3.04 2.71 

CIRS 4.5 28 (0.38) 3.34 2.61 

ACR 4.2 28 (0.38) 3.83 2.49 

NA 4.3 28 (0.38) 3.79 2.49 

PMMA 

(developed) 

4.5 28 (0.38) 3.03 2.71 

 

Table 3.3 Values of fit parameters of equation 3 

Mammography beam energy 

(kVp) 

A1 t1 Y0 

24 93.34 0.93 6.48 

28 94.95 1.08 4.22 

30 96.81 1.14 3.65 

33 97.78 1.21 2.69 

35 97.81 1.22 2.68 

 

 Figure 3.4 presents the variation of depth corresponding to PDDs of 75%, 50% and 

25% in PMMA TLD slot phantom at mammography beam energy of 24,28,30,33 and 35 kVp 

with a Mo/Mo target /filter combination. PDDs of 75%, 50% and 25% were noted down from 

PDD Vs depth curve (Figure 3.3) and their corresponding depth values ranges from 0.32 to 

0.40 cm, 0.73 to 0.92cm and 1.54 to 1.78 cm respectively. As the HVL increases, the depth 

increases because of increased penetration of the photons.  



78 

 

Table 3.4 gives the measured values of PSDD in developed phantom at 5 different places as 

shown in figure 4. The PSD values are evaluated with reference to dose at 4 cm distance from 

the chest wall edge. It can be seen from the table 3.4 that the position5 shows higher PSD 

value than in the other positions of phantom, which arises due to the orientation of the 

cathode-anode axis along the chest wall to nipple direction (Bushberg et al 2002). 

Table 3.4 Percentage surface dose distribution in PMMA TLD slot phantom with reference to 

dose at 4 cm distance from the chest wall edge 

kVp % Surface dose distribution (using TLDs) on Phantom at different positions 

Position-1 Position-2 Position-3 Position-4 

(at 4 cm distance from 

the chest wall edge) 

Position-5 

24 94.45 95.23 97.99 100 100.92 

28 97.78 97.90 98.79 100 101.21 

30 96.8 96.82 99.04 100 102.96 

33 97.79 97.89 97.97 100 102.20 

35 95.79 97.5 98.71 100 102.33 
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Figure 3.4 Variation of depth corresponding to percentage depth dose of 75%, 50% and 25% 

in PMMA TLD slot phantom at mammography beam energy of 24,28,30,33 and 35 kVp with 

a Mo/Mo target/filter combination 

3.3.2 AEC and density control function performance    

 Table 3.5 and 3.6 presents the result for AEC and density control function 

configuration testing of Xtromam-2000 mammography machine using a developed phantom.  

The results obtained for AEC configuration testing show that the observed mean optical 

density of the phantom image was 1.59 O.D and optical density difference for every 

successive increase in thickness of the phantom was observed to be within ±0.15 O.D.  
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Table 3.5 Performance testing of AEC configuration of Xtromam-2000 mammography machine using different thicknesses of  

  PMMA TLD slot phantom  

 

Density setting: Normal 

Anode/Filter: Mo/Mo 

AEC Mode:  Fully Auto i.e. automatically machine will select kVp and mAs 

PMMA 

Phantom 

thickness 

(cm) 

kVp mAs HVL 

(mm Al) 

BEE 

(mR) 

MGD (mGy) 

(Dance 1990) 

MGD (mGy) 

(NCRP-149) 

Percentage 

difference 

in MGD 

Image 

O.D 

Mean 

O.D 

Variation in 

image O.D 

from Mean 

O.D 

2 26 47 0.37 297 1.312 0.989 32.6 1.69 1.59 +0.10 

3 29 65 0.39 500.8 1.616 1.319 22.5 1.50  -0.09 

4 30 89 0.40 824 2.048 1.733 18.2 1.62  +0.03 

5 31 120 0.41 1094.6 2.229 1.890 17.5 1.54  -0.05 
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Table 3.6 Density control function testing of Xtromam-2000 mammography machine using PMMA TLD slot phantom 

 

Set kVp:30, HVL=0.40 mm Al 

Mode: Semi Auto (select kVp manually machine will adjust mAs itself) 

Anode/Filter:   Mo/Mo 

Compressed thickness of PMMA phantom =4.5 cm  

Density 

control 

setting 

mAs Breast 

Entrance 

Exposure 

(mR) 

MGD (mGy) 

(Dance 1990) 

MGD (mGy) 

(NCRP -149) 

Percentage 

difference 

in MGD 

Image 

O.D 

Normal 

density 

setting 

O.D 

Variation in 

image O.D 

from normal 

density setting 

O.D 

-2 40 425.18 0.942 0.799 17.9 1.45 1.56 -0.11 

-1 50 554.8 1.232 1.042 18.2 1.50  -0.06 

0 60 687.4 1.523 1.292 17.9 1.56  -0.00 

+1 70 758.0 1.683 1.424 18.2 1.73  +0.17 

+2 78 888.4 1.971 1.669 18.1 1.85  +0.29 
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It is recommended that the AEC shall be capable of maintaining film optical density within 

±0.15 of the mean optical density when the thickness of a homogeneous material is varied 

over a range of 2 to 6 cm and the kVp is varied appropriately for such thicknesses over the 

kVp range used clinically in the facility (Craig et al 2001, ACR 1999).  Under density control 

function testing, it was observed that at -2 and -1 density setting of the mammography 

machine, the observed variation in film image O.D was within ±0.15 O.D of the normal 

density setting ‘0’ and at density settings of +2 and +1, it was observed that the variation in 

film image O.D was within ±0.30 O.D of the normal density setting’0’.  

3.4 Conclusions 

 The developed PMMA phantom is an inexpensive tissue equivalent phantom which 

can be fabricated easily. The studies carried out using the phantom indicate that it is 

equivalent to other commercial phantoms and can be used to measure many mammography 

QC parameters including phantom dosimetry. The results of the study concludes that the 

developed phantom can be used for initiating the quality audit programme involving phantom 

dosimetry and system performance studies of the mammography centers at national level.  

 

 

******** 
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Chapter 4 

======================================= 

Image quality and dosimetry of digital mammography system 

======================================= 
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4.1 Introduction 

 In India, screen-film mammography (SFM) is gradually being replaced by digital 

mammography systems mainly in urban areas of the country due to its several advantages 

over SFM. Digital mammography has the potential to overcome the several limitations of 

SFM and has also shown the improved breast cancer detection and lesion characterization at 

an early stage (Feig et al 1998, Pisano 2000, Pisano et al 2000, Williams et al 1996). The 

major disadvantage with SFM technique is the limited dynamic range, trade-offs between 

dynamic range and contrast resolution, noise due to film granularity, and compromise 

between resolution and efficiency. Whereas digital mammography technology offers 

simplified archival, retrieval and transmission of images, reduction in mean glandular dose 

(MGD), higher patient workflow and improved diagnostic accuracy (Skaane 2010). Digital 

mammography utilizes digital detectors having wider dynamic range and is categorized on 

basis of direct and indirect flat panel detector technology. Digital detectors (even with a lower 

spatial resolution than film) also appear to improve lesion conspicuity through their improved 

efficiency of absorption of x-ray photons, a linear response over a wide range of radiation 

intensities and low system noise (Tabar 2012). In addition, post-processing software can be 

utilized to assist the radiologist in evaluating the images for suspicious findings by altering 

contrast and brightness automatically or manually. Also in digital mammography system, the 

images can be displayed in hard and softcopy formats. Other advantage of using digital 

mammography is that computer aided detection (CAD) software can be utilized to highlight 

the abnormal areas of density, mass or calcification on the mammogram image. 

 Image quality characterization of any x-ray based imaging system is evaluated by 

measuring three primary physical parameters: contrast, resolution and noise and the 

quantification of these metrics can be done by evaluating objective image quality parameters 
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defined as contrast to noise ratio (CNR), modulation transfer function (MTF) and noise power 

spectra (NPS) (Andrew and Srinivasan 2012). CNR defines the image contrast of a digital 

imaging system. Also, CNR measurement is very useful for assessing the performance of 

automatic exposure control (AEC) system that can be related to the effect on threshold object 

thickness of a given system (Young et al 2010). In the present study, we have evaluated the 

image quality of direct flat panel based mammography systems by measuring CNR values 

under clinically used operating conditions following the European protocol (Perry et al 2006, 

Baldelli et al 2009). Present days, a new concept called as figure of merit (FOM) is used as a 

tool in digital mammography to assess the performance in terms of image quality and patient 

doses (Borg et al 2012, Williams et al 2008).  FOM of digital mammography system was 

evaluated in terms of CNR2/MGD under automatic exposure control (AEC) and clinically 

used OPDOSE mode using indigenously made polymethylmethacrylate (PMMA) phantom 

having different thicknesses (Borg et al 2012, Williams et al 2008, Sharma et al 2012). 

OPDOSE mode selects the best target/filter combination depending on breast thickness, 

density, whereas AEC mode selects optimize exposure parameters for each individual breast 

size and composition and determines the dose based on the contrast needed for the image. 

European guidelines for quality control in Full-Field Digital Mammography (FFDM) 

recommends to measure the threshold contrast (i.e. the lowest contrast value for which the 

objects are visible) visibility under clinical conditions which is used to express the image 

quality (van Engen et al 2006). Also several studies have also reported that measurement of 

contrast detail resolution of the digital mammography system is also an essential part as it 

helps to visualize the objects with very small contrast and diameter from the background 

(Thomas et al 2005, van derBurght et al 2010, Young et al 2008, E-Cabrera and Brandan 

2015, Figl et al 2015, Rivetti et al 2006, Konstantinidis 2014, Rojas et al 2017, Fausto 2017, 
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Samei and Flynn 2002). Contrast detail resolution studies on the digital mammography system 

simulating the clinical operating conditions were carried out using the Artinis make Contrast-

Detail Mammography (CDMAM 3.4) phantom. 

 MTF measurement describes the sharpness of digital imaging detector at different 

spatial frequencies and gives the quantitative analysis of spatial resolution (Samei and Flynn 

2003).  Various methods have been employed for deriving MTF quantity which is based on 

slit, edge and bar pattern (Samei and Flynn 2003, Samei et al 2005, Perry et al 2013). Also for 

any digital imaging system, noise characterization through estimation of the noise power 

spectrum (NPS) is a central component (Williams et al 1999). NPS measurement of digital 

mammography system describes the noise amplitude and texture observed in images obtained 

with a uniform filed of radiation (Williams et al 1999, Borasi et al 2003, Salvagnini et al 

2013, Padgett and Kotre 2005, Siewerdsen et al 2002, Marshall 2007, Ranger et al 2005). In 

this paper we report an edge method which was used for deriving MTF of a direct digital 

mammography imaging system. Under NPS measurement, variance of image intensity 

divided among its frequency components is calculated from ROIs taken from a region of a 

uniformly exposed image. In the present study we have evaluated NPS from the uniformly 

exposed digital mammography images following the European Guidelines. 

 Estimation and optimization of mean glandular dose (MGD) is an important 

component of quality control (QC) programme in mammography due to associated risk of 

radiation-induced carcinogenesis (Dance et al 2000). Also in case of digital mammography 

single dose measurement at one thickness is not sufficient and it requires different PMMA 

thicknesses and breast simulating phantoms to measure the radiation doses (Sharma et al 

2012, Bick and Diekmann 2010). Hence, MGDs for the digital mammography system was 

measured using different breast tissue simulating phantoms. 
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4.2 Materials and methods 

4.2.1 Digital mammography x-ray machine 

 Mammomat Inspiration digital mammography machine (Siemens Medical Systems, 

Germany) was employed for all the measurements as shown in figure 4.1. The Mammomat 

Inspiration is DR based mammography machine which contains Molybdenum (Mo) and 

Tungsten (W) targets. This machine also contains different filters, namely 30 μm Mo for Mo 

target, 25 μm rhodium (Rh) for Mo target, 50 μm Rh for W target. The operating kilovoltage 

of the machine is in the range of 23-35 kV at an increment of 1 kV and the focus-to-imager 

distances (FIDs) are 65.0 cm 65.55 cm for Mo and W targets respectively. Exposure modes 

available with the machine are OPDOSE, AEC and manual. The image receiver of the 

machine contains solid-state amorphous selenium (a-Se) detector with pixel size of 85 μm. 

The detector size is 24×30 cm2 but the irradiation field is automatically collimated to 18×24 

cm2 when the smaller compression paddle is fitted.   

4.2.2 Mammography phantoms 

 CIRS mammography research set (012A), CIRS mammography accreditation phantom 

(015A) supplied by Computerized Imaging Reference Systems (CIRS), Norfolk, Virginia, 

USA, and in-house developed PMMA phantom (Referred as BARC PMMA phantom) were 

used to carry out the dosimetry measurements with digital mammography systems (Sharma et 

al 2012). The CIRS mammography research set contains three different breast tissue 

equivalent phantoms having semispherical shapes and total thicknesses of 4, 5 and 6 cm 

(Figure 4.2).  
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Figure 4.1 Photograph of the digital mammography machine used for carrying out imaging 

and dosemetric study 
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Figure 4.2 Photograph of various phantoms used for imaging and dosemetric study of digital 

mammography system 

 Physical and dimensional details of these phantoms are given in table 4.1. The relative 

contents of glandular and adipose tissues of these phantoms are 50/50%, 30/70%, and 20/80% 

respectively. CIRS research set also includes 10 cm x 12.5 cm photo timer compensation 

plates with varying thicknesses (0.5 cm to 7 cm) and varying relative contents of glandular 

and adipose tissues (30/70%, 50/50% and 70/30%).The material used in the CIRS phantoms is 

epoxy resin which mimics the photon attenuation coefficients of a range of breast tissues. The 

BARC mammography phantom is made up of PMMA and was used for measuring CNR of 

the digital mammography system at various thicknesses. The BARC mammography phantom 

is equivalent to commercially available mammography phantoms and considered to be 
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suitable for measuring radiation doses in different breast equivalent thicknesses (Sharma et al 

2012). Hence it was also used for measuring MGD values at different PMMA thicknesses. 

Table 4.1 Physical and dimensional details of different mammography imaging and dosimetry 

phantoms 

Phantom type 

(glandular/adipose) 

Descriptions Quantity 

(nos.) 

Material 

CIRS 

mammography 

research set 

(012A) 

CIRS  

30/70 

Slabs 

Slab Dimensions: 10x12.5x0.5 cm3 

Slab Dimensions: 10x12.5x1.0 cm3 

Slab Dimensions: 10x12.5x2.0 cm3 

2 

2 

2 

Epoxy 

resin 

CIRS 

50/50 

Slabs 

Slab Dimensions: 10x12.5x0.5 cm3 

Slab Dimensions: 10x12.5x1.0 cm3 

Slab Dimensions: 10x12.5x2.0 cm3 

2 

2 

2 

CIRS 

70/30 

Slabs 

Slab Dimensions: 10x12.5x0.5 cm3 

Slab Dimensions: 10x12.5x1.0 cm3 

Slab Dimensions: 10x12.5x2.0 cm3 

2 

2 

2 

CIRS 10 B Tissue equivalent mammography 

phantom, 4 cm thickness having 

50% glandular tissue and 50% 

adipose tissue 

1 

CIRS 10 

A 

Tissue equivalent mammography 

phantom, 5 cm thickness having 

30% glandular tissue and 70% 

adipose tissue 

1 

CIRS 10 C Tissue equivalent mammography 

phantom, 6 cm thickness having 

20% glandular tissue and 80% 

adipose tissue 

1 

CIRS mammography 

accreditation phantom 

(015A) 

Dimensions: 10.8 x 10.2 x 4.4 cm3 1 PMMA 

 

 

PMMA BARCPMMA phantom Semispherical phantom with the 

length and radius of the central slab 

of 21 and 10 cm respectively. 

1 

CIRS: Computerized imaging reference systems; BARC: Bhabha Atomic Research Centre; 

PMMA: Polymethylmethacrylate. 

  

 For contrast detail resolution study of digital mammography machine, CDMAM 

phantom (CDMAM 3.4) along with automated CDMAM Analyzer software V 1.2 (Artinis 

medical Systems, The Netherlands) was used (van Engen et al 2013). The phantom is 
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delivered with set of five PMMA blocks of different thicknesses ranging from 5 mm to 10 

mm and physical dimensions of 180 mm x 240 mm as shown in figure 4.3. The CDMAM 

phantom shown in figure 4.3 consists of a 16 cm x 24 cm x 0.3 mm Aluminum (Al) plate with 

205 square cells (arranged in 16 rows x 16 columns) with gold disks of various thicknesses 

(0.03 µm to 2.00 µm) and diameters (0.06 mm to 2.00 mm). These disks are aligned on a two-

dimensional grid where two disks can be found in each cell, one in the center and another in 

one of the four cell corners. Columns have equal gold disc thickness whereas rows have equal 

gold disc diameters.  

 

Figure 4.3 Photograph of CDMAM 3.4 phantom used for contrast detail resolution study of 

digital  mammography system 

 The CDMAM 3.4 phantom was positioned on the bucky of the mammography 

machine. The structures with the smallest diameter were located closest to the chest wall side 

of the bucky. PMMA blocks supplied along with CDMAM phantom were used to increase the 
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total thickness of the phantom. CDMAM Analyzer software was used for computing the 

contrast detail (CD) curve, the inverse image quality figure ( IQFinv)  and % detected gold 

disks, which offers the various functionality test on the exposed CDMAM 3.4 phantom 

images which should be DICOM (digital imaging and communications in medicine) tagged 

(van derBurght et al 2010). CDMAM analyzer software offers the possibility to analyze more 

than one CDMAM image into one result thus reducing the influence of image noise (van 

Engen et al 2013). For image quality evaluation, smallest thickness of the disks just visible for 

each diameter, called the threshold contrast was measured using automatic software analyzer 

and same was plotted in CD curve for the various clinically used operating conditions. The 

IQFinv numbers were obtained from the analyzed CDMAM phantom images which determines 

the contrast (thickness) threshold in the image of the object as a function of the detail 

(diameter) and is calculated using given equation 4.1. 

 

  (4.1) 

 

 Where Ci,th denotes the threshold thickness in diameter-column i and Di, denotes the 

threshold diameter in contrast column i. The contrast is given in ‘µm’ whereas the diameter is 

taken in ‘mm’. Also % detected disks were obtained from the analyzed CDMAM phantom 

image which is also used as the image quality indicator. Higher the IQFinv better the low 

contrast visibility. 

4.2.3 Measurements of half value layer (HVL), radiation output, breast entrance 

exposure (BEE) and mean glandular dose (MGD)  

 Beam quality (HVL) and radiation output (mGy) measurements at different kVp 

stations and target/filter combinations were carried out using Raysafe X2 base unit along with 
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Raysafe X2 MAM sensor (Fluke Biomedical, USA) having measurable dose range of 1 μGy 

to 99.99 Gy with uncertainty of 5%. All these measurements were performed using manual 

mode digital mammography machine. Raysafe X2 base unit along with Raysafe X2 MAM 

sensor was also used for measuring breast entrance exposure (BEE) while exposing different 

mammography phantoms. During BEE measurement, Raysafe X2 MAM sensor was placed at 

one side of the phantom and compression plate was used in contact of phantom to simulate 

clinical exposure conditions as shown in figure 4.4. 

 The MGD values were calculated from the measured BEEs by applying multiple 

conversion factors using equation 4.2 (Dance et al 2000, Dance 1990). 

   MGD = K. g. c. s      (4.2) 

where, K  represents the BEE (i.e. incident air kerma) at the upper surface of the breast, g is 

the incident air kerma to mean glandular dose conversion factor corresponding the 

glandularity of 50%, c is the correction factor for difference in breast composition from 50% 

glandularity and s is the correction factor for difference in x-ray spectra. Dance et al. have 

given g and c values against HVL of the x-ray beams in the tabulated form (Dance et al 2000, 

Dance 1990). Using these standard tables, data points were plotted and same were used to 

derive the values of g and c factors corresponding to the HVL values measured for different 

mammography phantoms for the studied digital mammography system in the present study 

(Figure 4.5).  
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Figure 4.4 Experimental set up for measurement of breast entrance exposure (BEE) in 

mammography phantom 
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(a) 

 

(b) 
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(c) 

 

 

(d) 
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(e) 

Figure 4.5 Plot of various conversion factors required to calculate the MGD values from 

experimentally measured BEE as suggested by Dance et al.  (a) g factors in PMMA, (b) c 

factors in PMMA, (c) g factors to breast, (d) c factors for breasts of women of age group 40-

49 years, (e) c factors for breasts of women of age group 50-64 years 

4.2.4 Measurement of contrast to noise ratio (CNR)  

 For CNR measurements, a square plate of aluminium (Al) of dimension 10 mm x 10 

mm and thickness 0.2 mm was placed on different thickness of PMMA phantom which ranges 

from 2 to 8 cm as shown in figure 4.6.While carrying out the CNR measurements, BEE was 

measured using Raysafe X2 MAM sensor positioned by the side of PMMA phantom of 

different thicknesses and compression paddle in contact of phantom to derive the actual 

MGD. The images of the different PMMA phantom thicknesses obtained during the dose 

measurement were analyzed to obtain the CNR values using Image J software (Ferreira and 

Rasband 2015).  A 5 mm × 5 mm square region of interest (ROI)was used to determine the 
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average signal pixel value (PVsignal at location2, Al) and the standard deviation (SD) in the 

signal within the image of the Al square and the surrounding background (ROI) at location 1 

(PMMA) as shown in figure 4.6. The CNR was calculated for each image as defined in the 

European protocol using the following equation 4.3. 

       (4.3) 

 Where, PVsignal is the average pixel value of the signal, PVbkg is the average pixel value 

of background, SDsignal is the standard deviation (SD) in the signal area 2, and SDbkg is the 

standard deviations in the background area 1. 

 

Figure 4.6 Set up for contrast to noise ratio (CNR) measurement with different BARC PMMA 

phantom thicknesses 
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4.2.5 Measurement of figure of merit (FOM)  

 FOM for the digital mammography system was evaluated using the measured CNR 

values and corresponding MGDs in BARC mammography PMMA phantom. Equation 4.4 

was used for all the FOM calculation. 

     
2CNR

FOM
MGD

     (4.4) 

 

Also percentage change (%) was calculated in terms of increased or decreased value for the 

three measured parameters called CNR, MGD and FOM using the formula given by equation 

4.5. 

 

  (4.5) 

4.2.6 Measurements of modulation transfer function (MTF) and noise power spectrum 

(NPS)  

 Modulation transfer function (MTF) of the digital mammography system was 

measured using a slanted radio-opaque edge placed at the detector input plane with grid in 

position (Samei and Flynn 2003, Samei et al 2005, Perry et al 2013). Image of the exposed 

radio-opaque plate (Figure 4.7). Radio-opaque plate was made up of tantalum having sharp 

and straight edge with dimensions 10 cm X 10 cm and thickness of 100 µm.  
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Figure 4.7 Image of exposed radioopaque tantalum plate used for modulation transfer function 

(MTF) measurement 

 The edge spread function (ESF) was obtained using Image J software from the image 

of tantalum plate. Derivative of the ESF was calculated to generate line spread function (LSF) 

as given by the following equation. 

    LSF (X) =       (4.6) 

 The pre-sampled MTF was obtained from the LSF using Fast Fourier Transform 

(FFT) and by calculating the magnitude as given by the following equation. 

        (4.7) 

 NPS of the digital mammography system was calculated from a series of flat-field 

images acquired at radiation dose of ~100 µ Gy using the following equation ( Perry et al 
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2013, (Williams et al 1999, Borasi et al 2003, Salvagnini et al 2013, Padgett and Kotre 2005, 

Siewerdsen et al 2002, Marshall 2007, Ranger et al 2005). 

    

(4.8)

 

 

 Where an ROI dimension of 256 x 256 pixels has been used. M is the number of ROIs, 

x is the pixel spacing in the x direction, y is the pixel spacing in the y direction, I (x,y) 

are the pixel value data, S (x, y) is a 2-dimensional polynomial function used to the entire 

extracted region used of NPS analysis. 

4.3 Results and discussion 

 For the studied digital mammography machine, measured HVL values for the different 

T/F combinations are shown in figure 4.8. Before measuring HVL values, accuracy of all the 

kVp stations and different T/F combinations were evaluated which were found to be <± 1kVp. 

At Mo/Mo set up, the measured HVL range was found to be 0.294±1E-3 to 0.357 ± 1E-3 for 

the applied kVp of 23, 25 and 28. At Mo/Rh set up, HVL range was found to be 0.43±0.002 

to 0.473 ± 1E-3 for the applied kVp of 28, 32 and 34. At W/Rh set up, HVL range was found 

to be 0.56 ±0.002 to 0.62±0.002 for the applied kVp of 28, 32, 34 and 35 kVp. 

 Results of radiation output (mGy) measured at different T/F combinations for the 

various kVp stations are shown in figure 4.9. Radiation output consistency at all kVp stations 

and different T/F combinations was calculated in terms of coefficient of variation (COV) and 

was found to be less than 0.05.For Mo/Mo, T/F the radiation output was found to be in the 

range of 1.16-2.15 mGy at 23, 25 and 28 kVp. For Mo/Rh, measured radiation output range 

was observed to be 1.62-2.84 mGy at 28, 32 and 34 kVp and for W/Rh it was found to be 

0.639-1.04 mGy at 28, 32, 34 and 35 kVp. 
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Figure 4.8 Measured HVL values (mm of Al) at different kVp settings for the various 

target/filter combinations (Mo/Mo, Mo/Rh, W/Rh) 
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Figure 4.9 Measured radiation output (mGy) in air at different kVp settings for the various 

target/filter combinations (Mo/Mo, Mo/Rh, W/Rh) 

 Figure 4.10 shows the FOM values in terms of CNR2/MGD for the 4.5 cm thick 

BARC PMMA phantom exposed under AEC mode at three different T/F combinations. CNR 

values for the BARC PMMA phantom with total thickness of 4.5 cms were found to be 6.71, 

6.17 and 5.27 with MGD values of 3.0, 2.4 and 1.4 mGy at T/F of Mo/Mo, Mo/Rh and W/Rh 

respectively. These measured CNR values are found to be within the European limiting CNR 

values. [5, 10] Corresponding calculated FOM values were 15.02, 15.88 and 19.82 for these 

three T/F combinations respectively. Percentage decreases in MGD values were found to be 

20 and 53.33% when T/F was changed from Mo/Mo to Mo/Rh and W/Rh respectively. Also 

for comparing two clinical operating mode i.e. AEC (T/F=W/Rh) and OPDOSE (T/F=W/Rh), 

% change in MGD, CNR and FOM for the 4.5 cm BARC PMMA phantom were calculated. It 
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is seen from the compared values that percentage increase of 21.43 was found in MGD value 

for the AEC than OPDOSE mode. Whereas in CNR values, % increase of 31.5 was observed 

for OPDOSE than AEC mode. Also % increase of 40.46 was found in FOM value for the 

AEC than the OPDOSE mode at same T/F combination. Hence it is concluded that for the 4.5 

cm thick PMMA phantom, AEC mode provides the better image quality and dose 

performance. 

 

Figure 4.10 Plot for calculated figure of merit (FOM) in terms of CNR2/MGD values for the 

BARC PMMA phantom with thickness of 4.5 cms and exposed under AEC mode 

 Calculated FOM values for BARC PMMA phantom of different thicknesses, exposed 

under OPDOSE mode are shown in figure 4.11. It was observed that highest CNR and lowest 

CNR values were found for the 2 and 8 cm thick BARC PMMA at lowest MGD and highest 
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MGD respectively. Correspondingly highest FOM values were achieved for 2 cm and lowest 

for 8 cm thick BARC PMMA phantom. Outcome of this analysis suggests that when the 

breast thicknesses are small, delectability of any mass or microcalcification will be higher due 

to higher CNR value observed at lower thickness. 

 

Figure 4.11 Plot for calculated figure of merit (FOM) in terms of CNR2/MGD values for the 

BARC PMMA phantom having different thicknesses and exposed under clinically used 

OPDOSE mode 

 Calculated MGD values for digital mammography system for different breast tissue 

simulating phantoms and for different BARC PMMA phantom thickness are given in tables 

4.2 and 4.3 respectively. It incorporates the displayed compressed breast thickness (CBT) in 

cm, machine selected parameters such as T/F combination, applied kVp, mAs, and MGDs. It 

also include the values of other parameters measured by dosimeter X2 MAM e.g. BEE, HVL, 
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exposure time and exposure rate. MGD ratio between machine displayed and calculated MGD 

values using the appropriate conversion factors are also given in table 4.2 and 4.3. Outcome 

of the study also show that for the CIRS slabs phantom of different glandular/adipose tissue 

compositions and physical thickness of 7.0 cms, the calculated maximum MGD value were 

found to be of 3.03 for 70/30, 2.32 for 50/50 and 1.75 mGy for the 30/70 glandular/adipose 

tissue compositions. Also fitting equation was achieved for the calculated MGD values at 

different thicknesses of BARC PMMA phantom. The variation of MGD with BARC PMMA 

phantom thickness can be represented by the following second order polynomial fit equation 

4.9. 

   MGD (mGy) = 0.83+ B1* x+ B2*x2   (4.9) 

Where ‘x’ represents the thickness of BARC PMAA phantom in centimeter. In equation 4.9, 

0.83±0.09 represents the intercept value with associated standard error of 0.09; B1 has the 

value of -0.27±0.04 and B2 has the value of +0.072±0.004. Adjusted R-squared value for the 

fitted data points is found to be 0.99. Establishing this fitted equation will be helpful in 

deriving the MGDs directly for any value of PMMA thicknesses rather calculating it using 

measured BEE and conversion factors. 
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Table 4.2 Measured MGD values under clinically operated OPDOSE mode (T/F= W/Rh) for digital mammography system using 

different breast tissue simulating mammography phantoms 

Numbers 

assigned 

to 

phantom 

types 

Phantom 

type 

(glandular/

adipose) 

Quoted 

physical 

thickness 

(cms) 

Machine displayed parameters Dosimeter X2  MAM readings Measured  

MGD 

(mGy) 

 

 

MGD 

Ratio 

(Machine 

displayed 

Vs 

measure

d) 

T/F CBT 

(cms) 

kVp mAs MGD 

(mGy) 

BEE 

(mGy) 

HVL 

(mm Al) 

Exposure 

time (sec) 

Exposure 

rate 

 

(mGy/sec) 

1 Slabs of 

CIRS 

(30/70) 

7.0 W/Rh 6.7 30 182.

2 

1.9 8.53 0.538 2.229 3.825 1.75 1.09 

2 Slabs of 

CIRS 

(50/50) 

7.0 W/Rh 6.7 30 238.

6 

2.5 11.19 0.54 2.876 3.890 2.32 1.08 

3 Slabs of 

CIRS 

(70/30) 

7.0 W/Rh 6.8 30 311.

5 

3.3 14.6 0.54 3.360 4.358 

 

3.03 1.09 

4 CIRS 10 C 6.0 W/Rh 5.7 29 113.

8 

1.2 4.67 0.541 1.588 2.941 1.13 1.06 

5 CIRS 10 A 5.0 W/Rh 4.7 28 90.4 1.0 3.29 0.537 1.429 2.299 0.96 1.05 

6 CIRS 10 B 4.0 W/Rh 3.8 27 75.4 0.9 2.46 0.517 1.426 1.727 0.69 1.30 

7 CIRS 015 4.4 W/Rh 4.2 28 81.4 1.2 2.91 0.532 1.417 2.056 1.02 1.18 

8 BARC 

PMMA 

6.0 W/Rh 5.9 29 181 2.1 7.15 0.552 2.241 3.193 1.41 1.49 

9 BARC 

PMMA 

4.5 W/Rh 4.1 28 93.3 1.2 3.35 0.521 1.443 2.322 0.89 1.34 

CIRS, Computerized imaging reference systems; BARC, Bhabha Atomic Research Centre; PMMA, Polymethylmethacrylate; T/F, Target/Filter; 

CBT, Compressed breast thickness; kVp, kilovoltage peak; mAs, milliampere second; MGD, Mean glandular dose; BEE, Breast entrance 

exposure; HVL, Half value layer; mGy, milli Gray; cms, centimeters; mm Al, millimeter aluminium 
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Table 4.3 Measured MGD values under clinically operated OPDOSE mode (T/F= W/Rh) for digital mammography system using BARC 

PMMA phantom of different thicknesses 

BARC PMMA 

mammography 

phantom 

thickness 

(cms) 

Machine displayed 

parameters 

Dosimeter X2 MAM readings Measured  

MGD 

(mGy) 

 

MGD Ratio 

(Machine 

displayed 

Vs 

measured) 

Acceptable level 

of dose limits in 

European 

guidelines 

(mGy) 

kVp mAs MGD 

(mGy) 

BEE 

(mGy) 

HVL 

(mm 

Al) 

Exposure 

time 

(sec) 

Exposure 

rate 

(mGy/sec) 

2.0 24 50.7 0.7 1.01 0.490 1.450 0.699 0.57 1.24 < 1.0 

2.5 26 45.4 0.7 1.21 0.523 1.441 0.842 0.60 1.16 - 

3.0 26 58.9 0.8 1.58 0.525 1.462 1.084 0.70 1.15 < 1.5 

3.5 27 66.9 0.9 2.04 0.535 1.471 1.385 0.81 1.12 - 

4.0 27 87.2 1.1 2.71 0.532 1.446 1.875 0.95 1.16 < 2.0 

4.5 28 98.8 1.3 3.43 0.542 1.502 2.287 1.10 1.18 < 2.5 

5.0 28 126.8 1.5 4.47 0.543 1.900 2.352 1.31 1.14 < 3.0 

5.5 29 143.4 1.8 5.59 0.551 2.064 2.711 1.50 1.20 - 

6.0 29 181.0 2.1 7.15 0.552 2.241 3.193 1.77 1.19 < 4.5 

7.0 30 268.9 2.9 11.97 0.557 3.118 3.840 2.58 1.12 < 6.5 

8.0 31 352.6 3.7 17.59 0.560 3.905 4.505 3.32 1.12 - 

BARC, Bhabha Atomic Research Centre; PMMA, Polymethylmethacrylate; kVp, kilovoltage peak; mAs, milliampere second; MGD, 

Mean glandular dose; BEE, Breast entrance exposure; HVL, Half value layer; mGy, milli Gray; cms, centimeters; mm Al, millimeter 

aluminium 
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Results of the contrast detail resolution study carried out on digital mammography system are 

shown in figure 4.12 and 4.13 under different clinical exposure conditions. Figure 4.12 shows 

the contrast detail curve for the CDMAM phantom kept on top of the 4.5 cm PMMA sheets 

and exposed under AEC mode at different T/F combinations Table 4.4 gives the detail of 

image quality parameters analyzed in terms of IQFinv and % detected gold disks from the 

software generated CD curves (Figure 4.14) along with machine selected and displayed 

parameters. Figure 4.13 shows the contrast detail curve plotted for the CDMAM phantom in 

combination with PMMA sheets of various thicknesses to simulate clinical breast thicknesses 

in digital mammography. For different exposure conditions under which CDMAM phantom 

was exposed to simulate the clinical environment, the measured IQFinv numbers and % 

detected gold disks which are taken from the software generated CD curves (Figure 4.15) are 

presented in table 4.5 along with machine selected and displayed parameters. 
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Figure 4.12 Plot of contrast detail performance for the digital mammography machine using 

CDMAM phantom kept on top of 4.5 cms PMMA sheets and exposed under AEC mode at 

different target/filter conditions (Mo/Mo, Mo/Rh, W/Rh) 
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Figure 4.13 Plot of contrast detail performance for the digital mammography machine using 

CDMAM phantom exposed in combination with PMMA sheets of various thickness to 

simulate clinical operating conditions under OPDOSE mode 
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Figure 4.14 Software generated contrast detail curves for the CDMAM phantom kept on top 

of 4.5 cms PMMA sheets and exposed under AEC mode at different target/filter conditions 

(a) Mo/Mo (b) Mo/Rh (c) W/Rh 
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Figure 4.15 Software generated contrast detail curves for the CDMAM phantom exposed in 

combination with PMMA sheets of various thicknesses to simulate clinical operating 

conditions under OPDOSE mode (a-j) 
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Table 4.4 The IQFinv number and % detected gold disks for the CDMAM phantom which was 

kept on top of the 4.5 cm thick PMMA sheet and exposed at three different target/filter (T/F) 

combinations using AEC mode 

Target filter 

combination 

(T/F) 

IQFinv % 

detected 

gold disks 

Operating parameters 

(kV/mAs) (Average 

value for eight images) 

Machine 

displayed 

MGD (mGy) 

Mo/Mo 145.7 78.3 28/167.1 3.8 

Mo/Rh 144.3 77.4 28/135.2 2.9 

W/Rh 127.7 74.5 28/188.9 2.1 

T/F, Target/Filter; Mo/Mo, Molybdenum/Molybdenum; Mo/Rh, 

Molybdenum/Rhodium; W/Rh, Tungsten/Rhodium; MGD, Mean glandular dose; 

mGy, milli Gray 
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Table 4.5 The IQFinv number and % detected gold disks for the CDMAM phantom kept along 

with PMMA sheets to simulate different clinical breast thicknesses and exposed under 

clinically used OPDOSE mode 

Phantom thickness (cm) IQFinv % 

detected 

gold 

disks 

Operating 

parameters 

(kV/mAs) 

(Average value for 

eight images) 

Machine 

displayed 

MGD (mGy) 

0.5 cm PMMA + CDMAM 171.9 81.6 24/41.1 0.6 

1.5 PMMA + CDMAM 151.7 79 26/49.6 0.8 

2.0 PMMA + CDMAM 144.4 78.7 26/63.2 0.9 

2.0 PMMA + CDMAM  

+  

0.5 cm PMMA 

128.1 77.3 27/71.6 1.0 

2.0 PMMA + CDMAM  

+  

1.0 PMMA 

168.2 79.1 27/97.45 1.25 

2.0  PMMA + CDMAM  

+ 

 1.5 PMMA 

147.4 78.5 28/110.3 1.5 

2.0  PMMA + CDMAM  

+ 

 2.5 PMMA 

135.6 75.5 29/152.4 2.0 

2.0  PMMA + CDMAM 

 +  

3.5 PMMA 

105.5 71.5 30/206.45 2.4 

2.0 PMMA + CDMAM  

+  

4.5 PMMA 

102.8 72.0 31/361.3 3.8 

2.0 PMMA + CDMAM  

+ 

 5.5 PMMA 

93.6 68.2 32/342.4 3.75 

PMMA, Polymethylmethacrylate; CDMAM, Contrast detail mammography phantom; 

MGD, Mean glandular dose; mGy, milli Gray 

  

 Figure 4.16 shows the calculated MTF values at different spatial frequencies from the 

image of exposed slanted edge device using Mo/Mo as T/F combination for the digital 

mammography system. Figure 4.17 shows the calculated normalized noise power spectrum 

Vs spatial frequency for the digital mammography system at the entrance air kerma of 

100µGy. Both, the MTF and the NPS are found to be falling off at higher spatial frequencies. 
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However at higher spatial frequencies, lower MTF values are observed when compared with 

reported values for the studied digital mammography machine.  

 

Figure 4.16 Plot of calculated modulation transfer function (MTF) values at different spatial 

frequencies for the digital mammography system 



123 

 

0 1 2 3 4 5 6

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

 

 

N
N

P
S
 (

a
rb

it
ra

ry
 u

n
it
s
)

Spatial frequency ( mm
-1
 )

 

Figure 4.17 Plot of calculated normalized noise power spectrum (NPS) for the different 

spatial frequency at entrance air kerma value of ~100 µ Gy 

4.4 Conclusions 

 In present study, various imaging metrics such as CNR, contrast detail resolution, 

MTF and NPS were evaluated for a direct flat panel detector based digital mammography 

system following the European Guidelines. As the studied digital mammography system have 

different exposure mode, a system performance study relating to both image quality and 

doses was carried out by evaluating figure of merit (FOM) in terms of CNR2/MGD under 

automatic exposure control (AEC) and clinically used OPDOSE operating mode. Under AEC 

mode of operation and for a given phantom thickness the highest CNR and MGD values were 

observed for Mo/Mo, T/F combination whereas W/Rh combination has provided the highest 
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FOM value. Whereas for clinically used OPDOSE mode highest CNR, lowest MGD and 

correspondingly highest FOM values were found for 2 cm thick BARC PMMA phantom. 

From this study, it was also concluded that as the phantom thickness increases, CNR and 

FOM value decreases. Detailed dosemetric studies were also performed on the digital 

mammography system by calculating mean glandular doses (MGDs) using several 

mammography phantoms made-up of breast tissue equivalent materials. However, all the 

calculated MGDs values were found to be lower than the acceptable level of dose limits 

provided in European guidelines. 

 

 

******** 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 

 

 

 

 

 

Chapter 5 

======================================= 

Feasibility studies in mammography using synchrotron radiation 

======================================= 
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5.1 Introduction 

 In recent years, use of synchrotron radiation (SR) x-ray source is increasing globally 

in the medical imaging due to the advent of x-ray phase contrast imaging (XPCI) technology 

(Fitousi et al 2012, Bradley et al 2007, Munro et al 2010).  XPCI has shown the great 

potential with respect to visibility contrast improvement while examining soft tissues found 

within the breast (Miao et al 2005). In medical imaging field, XPCI has been employed by 

three methods which are propagation, interference and analyzer based and present study 

employs the propagation based method for producing phase contrast. Propagation based 

XPCI technique relies on the principle of refraction of x-rays at the boundary defined by two 

different density regions. The refracted and direct wave propagates a finite distance and 

interferes due to a path difference to produce bright and dark fringes. Outcome of this 

interaction is manifested in terms of edge enhancement along the boundary of interest. Under 

XPCI technique, an air gap between the object and the detector is established to transform the 

phase gradients generated by the interference of x-rays having different phase shifts into 

intensity gradient on the image (Dreossi et al 2008, Matsuo et al 2005, Weon et al 2006). 

 Micro-focus and synchrotron based x-ray sources are found to be suitable for phase 

contrast imaging because of their high spatial coherence whereas conventional x-ray sources 

are not due to their low spatial coherence (Wong et al 2014, Schleede et al 2012, Nesterets et 

al 2015). Synchrotron x-ray has several characteristics such as spatially coherent, high 

intensity, vertical collimation and polarization (Burattini 1997, Longo 2016). It is also 

reported that when a coherent x-ray beam gets scattered in an object it is distributed not only 

due to attenuation (photoelectric, absorption, Compton and Rayleigh scatterings) but also due 

to refraction on the boundaries between media providing better phase contrast visibility at 

boundaries (Ingal et al 1998).  
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Several authors have carried out XPCI based mammography work and one such XPCI based 

mammography study have shown the great improvement in image quality-dose relationship, 

which was due to monochromaticity and high degree of intrinsic collimation of SR x-ray 

beam (Moeckli et al 2000). Another XPCI study performed at 17 keV SR x-rays on 

Ackermann mammographic phantom and biological specimens obtained at postmortem 

excision were reported and outcome of the study has shown the improved image quality with 

only slightly increased dose compared with those for SR absorption imaging and also with 

reduced dose when compared with conventional mammography (Arfelli et al 2000). Another 

attempt towards XPCI concludes that in the SR x-ray energy range of 15-25 keV, the effects 

due to phase shift are considerably more relevant than those due to absorption effects for 

biologic soft tissues (Raven et al 1996).  

 We have carried out absorption and phase mode imaging studies on various phantoms 

and samples of clinical relevance1using 12 and 16 keV SR x-ray beam of Indus-2, RRCAT, 

Indore, India(Indian synchrotron facility). Low keV SR x-ray beams were used in our study 

because phase contrast signature is upto 1000 times higher than absorption contrast for the 

soft tissue/objects having small density differences at these energies (Bradley et al 2007, 

Pelka 2008). SR x-ray images of different phantoms and samples were analyzed and imaging 

parameters were quantified in terms of edge enhancement index and edge enhancement to 

noise ratio (Donnelly et al 2006) Dosimetry calculations were also carried out based on the 

measured SR x-ray flux at different SR x-ray energies and radiation dosimetry formalism 

(Agrawal et al 2015, Yamazaki et al 2007). 
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5.2 Materials and methods 

5.2.1 Propagation based x-ray phase contrast imaging (XPCI) 

 XPCI technique is based on the principle of refraction of x-rays at the boundary 

defined by two different density regions and the complex index of refraction (n) is given the 

following equations: 

    n=1- δ- iß        (5.1) 

 

where δ is the index decrement that is responsible for the phase shift and ß is the absorption 

index.  The δ and ß components are expressed as  

 

    δ= NA (Z/A) ρe2λ2/(2πmc2)   (5.2)   

    ß = µλ/4π     (5.3) 

 

where NA is Avogadro’s number (=6.02 x 1023), Z is atomic number, A is atomic mass, ρ is 

density (g/cm3) of the medium, e2/(mc2) is classical radius of electron (=2.82 x10-13 cm), λ is 

the wavelength (cm) of x-ray,µ is a linear attenuation coefficient of the medium. The 

refractive index decrement δ depends on energy E of the x-ray photons and the density of the 

object (equation 5.2).Term ß is related to linear attenuation coefficient µ and is the basis for 

image contrast in attenuation based imaging techniques such as conventional mammography. 

Figure 5.1 (a and b) is the schematic diagram of experimental set ups of absorption and phase 

mode imaging techniques used in this work. 
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Figure 5.1 Schematic diagram of experimental set up utilized to perform SR x-ray imaging of 

various phantoms/samples under (a) absorption and (b) phase mode 

5.2.2 Synchrotron x-ray source 

 In this particular study, all the experiments were carried out at imaging beam line, 

BL-4 of the synchrotron facility Indus-2, having a 2.5 GeV, 300 mA third generation 

synchrotron radiation source located at Raja Ramanna Centre of Advanced Technology 

(RRCAT), Indore, India.BL-4 has both monochromatic as well as white beam mode of 

operation. In monochromatic mode, the energy range covered is 8 to 35 keV while in white 

beam mode energy upto 50keV is available. The maximum beam dimension in the 

experimental station is 100 mm x 10 mm and photon flux is ~1010 photons/s in 

monochromatic mode while it is 1016 photons/s in white beam mode (Agrawal et al 2015). 

BL-4 experimental station has all the instruments required to perform various imaging 

experiments such as phase contrast x-ray imaging as shown in figure 5.2. 
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Figure 5.2 Synchrotron x-ray imaging beam line (BL-4) facility at Indus-2, RRCAT, Indore, 

India  

5.2.3 Imaging camera system and sample manipulator 

 In the present study, we have used VHR-1 imaging camera system (Photonic Science, 

Mountfield, UK) which contains 1:2 fibreoptic plate coated with gadolinium oxide scintillator 

and high resolution CCD (pixels 4007 x 2678, pixel size 4.5 µm and field of view 18 mm x 

12 mm). The performance of the camera is found to be linear in the energy range 8 to 50 keV 

and measured resolution for the fibreoptic coupled CCD camera is 5 µm with 8 % contrast 

(Agrawal et al 2015). BL-4 has high precision six axis sample manipulator stages consisting 

of X, Y, Z, θ, ψ, φ and high precision three axis manipulator for X, Y, Z motions of the 

detectors. BL-4 also has an ionization chamber for measuring the online beam current and 

dose monitoring with fast shutter for controlled exposure time in bio-medical imaging. 

Complete experimental station on vibration isolated granite tables is shown in figure 5.2. 

Images were acquired using a fibre optic coupled CCD camera at 12 and 16 keV SR beam for 
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620 ms exposure time. In the entire phase mode imaging, source to sample distance was 25 

meter and phantom to detector distance was 625 mm which was experimentally optimized 

condition to achieve the proper phase signature of the various phantoms/sample images as 

shown in figure 5.1. 

5.2.4 Image analysis parameters 

 In XPCI technique, two parameters are defined to quantify the edge effect seen in the 

image of the object. First parameter is edge enhancement index (EEI) which quantifies the 

edge enhancement effect of a phase mode image (Donnelly et al 2006). EEI measures the 

relationship of the edge enhancement effect relative to the absolute change in intensity form 

absorption differences across the edge (Donnelly et al 2006). The EEI is defined as 

   

(P T) /(P T)
EEI

(H L) /(H L)

 


 
   (5.4) 

where P and T are the peak and trough intensity values at the edge as shown in figure 5.3(a). 

Intensity values H and L are the result of no edge enhancement at the high and low intensity 

regions next to the edge (Figure 5.3).  

 Second parameter is edge enhancement to noise ratio (EE/N) which measures the 

edge enhancement relation with image noise and is given by the following equation 

   
2 2

( )
/




H L

P T
EE N

 
    (5.5) 

where H  and L are the standard deviation of the pixels used to calculate H and L in the 

EEI. 
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Figure 5.3 Description of various points for calculating EEI and EE/N (a) Used to calculate 

EEI and EE/N when there is an edge enhancement in the object image (under phase mode 

imaging) (b) used when there is no edge enhancement seen in the image of an object 

(absorption mode).In the case of absorption mode image of an object, P T  and H L  

5.2.5 Imaging phantoms 

 Imaging phantoms are the basis for characterizing any image system. Table 5.1 

contains the details of the phantom/samples of breast tissue equivalent material and purpose 

of their selection.  
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Table 5.1 Various phantoms and samples used for synchrotron x-ray image analysis 

Sr. No. Phantom/Samples Purpose for selection 

1 CIRS mammography imaging 

phantom (model 015) 

For imaging, various test objects which 

simulate various breast diseases 

2 Aluminium based 

microcalcification phantom 

(locally fabricated) 

To simulate microcalcifications found in 

breast cancer patients 

3 PMMA and Polystyrene step 

wedges(locally fabricated) 

To simulate thickness variation change within 

the same tissue types 

4 Gel phantom (locally made) To simulate fibrocystic breast tissues 

 

Following sections provides the construction details and material contents of these phantoms 

and samples:  

5.2.5.1 CIRS mammography imaging phantom 

 A standard CIRS imaging phantom (model 015) having dimensions of 10.8 cm x 10.2 

cm x 4.4 cm was included in this study which is generally used to perform quality control 

check on the conventional mammography system (CIRS, Virginia, USA). This model of the 

CIRS phantom consists of a removable wax sheet of 5 mm thickness and embedded inserts 

that mimic the anatomic breast structures/artificial features such as fibers, specks to simulate 

microcalcifications, and masses. The wax sheet contains six numbers of nylon fibers of 

different thicknesses ranging from 0.40 to 1.56 mm, five set of microcalcifications with sizes 

of 0.16 to 0.54 mm and five glandular masses of 0.25 to 2.00 mm thicknesses as shown in 

figure 5.4. 



135 

 

 

Figure 5.4 Wax sheet of mammography imaging phantom with various test objects and their 

specifications (CIRS model 015) 

5.2.5.2 Aluminum based microcalcification phantom 

 Microcalcifications (MCs)finding in the breast are considered as indirect signs of 

pathological process and detecting these on mammograms are difficult due to its small size 

(<1 mm) (Henrot et al 2014, Suryanarayanan et al 2007). In conventional mammography 

aluminium (Al) is often used as a material for simulation of calcification (Vedantham and 

Karellas 2013, Warren et al 2013). In view of this, we have designed and locally fabricated a 

microcalcification phantom using Al in the form of circular discs with diameter of 5 mm and 

thickness ranging from 50 to 500 microns as shown in figure 5.5. These Al discs were 

sandwiched between two PMMA sheets each having 1 mm thickness. SR x-ray images of 

every Al disc was acquired under absorption and phase mode at 12 and 16 keV.  
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Figure 5.5 Aluminium discs sample to represent microcalcification  

5.2.5.3 PMMA and polystyrene step wedges 

 To simulate thickness variation within the same tissue types, step wedge samples 

were fabricated. Although different synthetic materials can be used as breast tissue substitute 

for making mammography phantoms, we have used PMMA (1.19 g/cm3) and Polystyrene 

(1.06 g/cm3) (NIST 2010) as shown in figure 5.6 (Berger et al 2010). Step thickness for these 

two locally fabricated step wedges ranges from 1.0 to 5.0 mm. Also at various edges of the 

steps, a line profile was plotted to compare the EEI and EE/N values under absorption and 

phase mode. SR x-ray images of these step wedges were analyzed and reported using Image J 

software (Image J) (Rasband 2012). 
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Figure 5.6 PMMA and polystyrene step wedge phantom 

5.2.5.4 Polymer gel phantom 

 In case of conventional mammography examination, viewing a fibrocystic breast 

tissue is difficult due to insignificant difference between linear attenuation coefficients of 

fibrous and tumor tissues in the energy range of 15 to 26.5 keV (Chen et al 2010). Polymer 

gel (1.026 gm/cm3) exhibits the closet radiological water equivalence and in view of this we 

have used a dried polymer gel phantom as shown in figure 5.7 to study the artificial fibers 

structure detectability in SR x-ray beam (Brown et al 2008). This phantom was exposed at 12 

keV SR x-ray beam in both absorption and phase mode and results were compared in terms 

of visual appearance and line plot profile for a small cross sectional image. 

 

Figure 5.7 Top and side view of polymer gel phantom 
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5.3 Estimation of absorbed dose to air at object plane 

 Absorbed dose to air (which is equivalent to air kerma at such a low energy) for the 

monoenergetic x-ray photon beam with energy E is given by the following relation (Mittone 

et al 2013). 

    Dair= ϕ E (µen /ρ)   (5.6) 

where ϕ is the incident x-ray photon fluence and µen/ρ is the mass energy-absorption 

coefficient. It may be noted that in the energy domain of keV x-rays, the linear energy 

absorption (µen) and energy transfer coefficients (µtr) are considered to be equal (Mittone et al 

2013, Attix 2015). In this study, Si-PIN photodiode based measured values of SR x-ray 

photon flux and the standard mass energy absorption coefficients were used for estimating 

the absorbed dose to air (Agrawal et al 2015, Berger et al 2010). Ideally glandular dose is 

estimated and mean glandular dose is reported for comparing different clinical 

mammography systems from patient dose point of view. However, in this case, it was not 

possible to measure and report the mean glandular dose and hence dose to air at imaging 

plane was measured and reported. 

5.4 Results and discussion 

5.4.1 Image analysis of CIRS wax sheet   

 Due to small SR x-ray beam size, we have taken the image of each test objects 

embedded inside the CIRS wax sheet phantom one by one. Finally, these images were 

analyzed and stitched together to bring out in the form of a single image. Figure 5.8 shows 

the images of 16 test objects of CIRS mammography imaging phantom. These images 

represent the visual image quality of different test objects embedded inside CIRS-wax sheet 

taken by SR x-ray at 12 and 16 keV energy. Visual analysis of these images was carried out 

by five different image analysis experts and overall findings of all are reported here. Visual 
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analysis of the SR x-ray image of CIRS wax sheet provides better edge contrast for the fibers, 

masses and microcalcifications in the phase mode in comparison to the absorption mode. 

 

Figure 5.8 Synchrotron x-ray image of various test objects embedded in CIRS mammography 

imaging phantom at 12 and 16 keV SR x-ray energies 

 In addition, irregular geometries are also seen in the enlarged view of 

microcalcifications represented by test object numbers 7 to 11 (Figure 5.9) which is generally 

not possible with the conventional mammography system. Edge enhancement effect was 

quantified using EEI and EE/N for the larger test objects (e.g. Fiber1, Mass 12 and MC7) 

only. For this purpose, line profile from the images of these test objects were plotted as 
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shown in figure 5.10. Using these profiles, EEI and EE/N were calculated and average values 

have been shown in table 5.2. It is observed that EEI and EE/N values are relatively higher 

for the phase mode images than the absorption mode images for these test objects.  

 

Figure 5.9 Images of microcalcifications represented by test object number 7 of CIRS wax 

sheet: (a) enlarged view in absorption mode, (b) enlarged view after edge detection 

processing in absorption mode, (c) enlarged view in phase mode (d) enlarged view after edge 

detection processing in phase mode 
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Figure 5.10 Line profile from the images of larger test objects (Fiber 1, Mass 12 and MC 7) 

of CIRS wax sheet: (a) Fiber 1 from absorption mode (b) Fiber 1 from phase mode (c)Mass 

12 from absorption mode (d) Mass 12 from phase mode (e) Microcalcification 7 from 

absorption mode (f) Microcalcification 7 from phase mode 
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Table 5.2 Mean measured EEI and EE/N values for largertest objects (Fiber1, Mass 12 and 

MC7) of CIRS wax sheet 

 

                               EEI                       EE/N                       EEI                    EE/N 

                                   Fiber1 @ 12keV            Fiber1 @ 16keV 

Absorption 

mode 

0.75±0.16 3.55±0.12 0.79±0.13 1.91±0.30 

Phase mode 0.86±0.14 3.85±0.09 1.35±0.06 4.81±0.15 

                          Mass 12 @ 12keV Mass 12 @ 16keV 

Absorption 

mode 

0.86±0.11 5.2±0.11 0.88±0.09 5.83±0.12 

Phase mode 1.11±0.08 7.5±0.30 1.17±0.08 8.2±0.16 

                          Microcalcification  7 @ 12keV Microcalcification 7 @ 16keV 

Absorption 

mode 

0.97±0.08 12.69±0.18 0.93±0.09 5.83±0.20 

Phase mode 1.096±0.05 15.89±0.10 1.17±0.06 8.2±0.16 

   

5.4.2 Image analysis of Al based microcalcification phantom 

 Line profiles were plotted for all the discs of Al based microcalcification phantom for 

quantification of image quality in terms of EEI and EE/N. Figure 5.11 shows the line profile 

of one of the aluminium discs plotted from its absorption and phase mode images.EEI and 

EE/N values were derived for all the five Al discs. Figure 5.12 shows the variations of EEI 

and EE/N with respect to thickness of Al discs of microcalcification phantom. The plot 

includes data from the absorption and phase mode images taken at 12 and 16 keV of SR x-ray 

energies. It is observed from plots in figure 5.12 that EEI and EE/N values are higher for 

phase mode than absorption mode at both of these SR x-ray energies.  
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Figure 5.11 Plot of line profile for SR x-ray image of ‘Al’ disc sample at 16 keV under (a) 

absorption and (b) phase mode 
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Figure 5.12 Variations of EEI and EE/N with thickness of aluminium discs derived from 

absorption and phase mode: (a) EEI at 12 keV, (b) EEI at 16 keV, (c) EE/N at 12keV, and (d) 

EE/N at 16keV 

5.4.3 Image analysis of PMMA and polystyrene step wedges 

 Figures 5.13 and 5.14 present SR x-ray images and the line profiles for PMMA and 

polystyrene step wedges in absorption and phase modes at 12 and 16 keV energies, 

respectively. Combined line profiles of absorption and phase modes for visualization of edge 

enhancement have also been shown in these figures. The mean values of EEI and EE/N 

derived from the lines profiles are given in table 5.3 for PMMA and polystyrene step wedges. 



145 

 

The plots and the data show that edge contrast enhancement is relatively higher in phase 

mode. 

 

 

Figure 5.13 SR x-ray images and line profiles for PMMA step wedge in absorption and phase 

modes: (a) 12keV-absorption mode (b) 12 keV-phase mode (c) 16 keV-absorption mode (d) 

16 keV-phase mode, and (e) combined line profiles in absorption and phase mode at 12 keV 

for visualization of edge enhancement 
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Figure 5.14 SR x-ray images and line profiles for polystyrene step wedge in absorption and 

phase modes: (a) 12keV-absorption mode (b) 12 keV-phase mode (c) 16 keV-absorption 

mode (d) 16 keV-phase mode, and (e) combined line profiles in absorption and phase mode at 

12 keV for visualization of edge enhancement 
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Table 5.3 Measured EEI and EE/N values for step wedge samples at 12 and 16 keV SR x-ray 

beam 

 

5.4.4 Image analysis of polymer gel phantom 

Figure 5.15 shows absorption and phase mode images of polymer gel phantom and line 

profiles of a small region of interest from the images. EEI and EE/N were derived from these 

line profiles and the mean values are shown in table 5.4. Both visual inspection and the 

quantitative values of EEI and EE/N indicate better image quality (e.g. visualization of fibers) 

of polymer gel phantom in phase mode. 

Step wedge 

 

12 keV-EEI 12 keV-EE/N 

Absorption 

mode 

Phase mode Absorption 

mode 

Phase mode 

PMMA 0.92±0.17 1.64±0.25 11.04±2.03 25±1.83 

Polystyrene 0.72±0.06 1.53±0.31 4.54±0.65 10.06±3.26 

 16 keV-EEI 16 keV-EE/N 

PMMA 1.19±0.36 3.7±1.11 7.73±1.39 21.61±2.47 

Polystyrene 0.90±0.10 2.49±0.23 4.8±1.43 11.31±3.04 
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Figure 5.15 Cross sectional image of gel phantom and plot of line profile at 12 keV under (a) 

absorption and (b) phase mode image  

 

Table 5.4 Mean measured EEI and EE/N values for a small region of the polymer gel 

phantom 

 

 

 

 

 

5.4.5 Absorbed dose to air from SR x-ray beam 

 The measured photon flux at 12 and 16 keV of SR x-ray energies are 1.74x108 and 

1.21x108photons/s/mm2. Values of mass energy absorption coefficients for these two SR x-

ray energies are 3.48 and 1.44 cm2/g.  Accordingly, absorbed dose to air for the SR x-ray 

EEI at 12 keV EE/N at 12 keV 

Absorption mode Phase mode Absorption mode Phase mode 

1.19±0.21 1.86±0.36 28.21±0.3 35.31±0.67 
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beam of 12 and 16 keV energies were found to be 75.59 mGy and 28.9 mGy respectively. 

The value of absorbed dose to air for 16 keV is less than that of 12 keV SR x-ray beam due to 

low SR x-ray flux and mass energy absorption coefficient value of 16 keV. It can be seen the 

obtained dose values are very high when compared with conventional mammography system 

due to high x-ray flux and dose rate at the sample plane when SR is used. However these 

dose values can be optimized by reducing the image acquisition time without compromising 

the image quality when clinical samples are imaged. 

5.5 Conclusions 

 As in-phantom measurements are the best solution for characterizing any imaging 

system, we have used various phantoms and samples made up of breast tissue equivalent 

materials for carrying out mammography imaging studies at beam line, BL-4, Indus-2 SR x-

ray source of RRCAT, Indore, India.SR x-ray images of different phantoms and samples 

were analyzed and imaging parameters were quantified in terms of edge enhancement index 

(EEI) and edge enhancement to noise ratio (EE/N). Dosimetry calculations were also carried 

out based on the measured SR x-ray flux at different SR x-ray energies. Outcome of these 

studies conclude that improved sensitivity can be achieved by applying low keV SR x-ray 

based XPCI imaging for examining soft tissue equivalent materials. In conclusion, this work 

demonstrates the feasibility of x-ray phase contrast imaging in mammography using 12 and 

16 keV SR x-ray beams. 
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Chapter 6 

======================================= 

 Summary and future work 

======================================= 
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 Mammography is popularly being used for diagnosis and screening of breast cancer. 

However, the use of this technique also has radiation risk associated with it. And the women 

who are at higher risk of developing breast cancer may get adversely affected if the radiation 

dose delivered during mammography procedure is not optimized. As the female breast 

contains glandular tissues which have higher radiation sensitivity; therefore optimization of 

this particular imaging technique is strictly necessary. Additionally if image quality is not 

appropriate, there are high chances of missing the breast cancer which may contribute to 

delay in treatment and such practices are not acceptable. Hence as a part of dissertation work, 

image quality and dosimetry of conventional and advanced imaging systems were carried out. 

The major findings and conclusions from the thesis work are summarized as given below: 

 (i) Screen film mammography uses single emulsion medical x-ray film to 

overcome the cross over effect unlike the radiography film which is having double 

emulsion coating on it. In India, at most of the mammography centers, single processor is 

used for processing of both mammography and radiography films and this particular 

practice effects the sensitometric characteristic of mammography film as the required 

temperature and time for processing of these two films are going to be different. Also there 

are several studies which have reported the adverse effect of processing time and 

temperature on image quality in mammograms. Hence a sensitometric study was performed 

on a Kodak MinR-2000 mammography film which is widely used in our country to 

evaluate parameters like base plus fog level (B+F), maximum optical density (ODmax), 

average gradient (AG) and speed of the film at varying development temperature and time. 

Recommendations were provided for optimum processing conditions to be used for the 

studied mammography film on the basis of our work. Similar studies for various types of 

mammography films will be helpful in deciding the onset processing conditions to be used 

by the automatic film processors. 
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 (ii) Development of a mammography imaging and dosimetry phantom was carried 

out using soft tissue equivalent material polymethyl methacrylate (PMMA) as import 

substitute. The PMMA phantom is made up of PMMA slabs of different length and radii. 

The length and radius of the central slab is of 21 cm and 10 cm respectively and every slab 

on either side of the central slab continue to decrease in length and radius at an interval of 5 

mm respectively. The total thickness of phantom is 5 cm comprising total 10 slabs. The 

developed phantom is found suitable for performing quality assurance (QA)/quality control 

(QC) of the screen film and digital detector based mammography systems. The radiation 

transmission property of this phantom was comparable with commercially available similar 

phantoms and can be used in mammography dosimetry. Also the developed phantom has 

engraved slots for keeping large number of thermoluminiscence dosimeters (TLD) and is 

found excellent in measuring the breast entrance exposure (BEE), mean glandular dose 

(MGD), percentage depth dose (PDD), percentage surface dose distribution (PSDD), 

calibration testing of automatic exposure control (AEC) and density control function of a 

mammography machine. Also same phantom without having TLD slots can be used to 

measure contract to noise ratio (CNR) of the digital mammography system. Also this 

phantom is found best suitable for measuring the inter dose relationship between image 

quality and mean glandular dose (MGD) by evaluation the parameter called as figure of 

merit (FOM). 

 (iii) Various imaging metrics such as CNR, contrast detail resolution, MTF and 

NPS were evaluated following the European guidelines for an advanced digital 

mammography system made up of a-Se detector.  Also, system performance relating to 

both image quality and mean glandular dose were evaluated using figure of merit (FOM) in 

terms of CNR2/MGD under automatic exposure control (AEC) and clinically used 

OPDOSE operating mode. Under AEC mode, FOM values for the 4.5 cm thick BARC 
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PMMA phantom were found to be highest for the W/Rh target/filter (T/F) whereas under 

OPDOSE mode, FOM values were found to highest for the 65.32, 11.80 and 1.14 for the 

thickness of 2.0 cm thick BARC PMMA phantom. Under OPDOSE mode, the highest 

MGD value was found for the CIRS slab phantom having total thickness of 7.0 cm with 

glandular/adipose tissue composition of 70/30 than the other two combinations of 50/50 

and 30/70. Whereas for 2 to 8 cm thick BARC PMMA phantom, calculated MGDs were 

found to be in the range of 0.57 to 3.32 mGy. The variation of MGD with BARC PMMA 

phantom thickness was represented by the second order polynomial fit equation and same 

will be useful for deriving the MGD values directly from the fitted curve for the large 

number of thickness. However in our study all the calculated MGDs values were found to 

be lower than the acceptable level of dose limits provided in European guidelines. As in 

India such kind of systematic studies on the advanced mammography systems are not 

performed, this study will be helpful to those professional who are associated with this 

field. 

 (iv) Although conventional mammography systems, which are based on absorption 

imaging, can produce good contrast for the samples having high subject contrast. But the 

same is not true when the absorption imaging is used for the samples having low subject 

contrast which is the case of soft tissues found within the breast. Hence, the concept of 

phase based imaging was brought forth in the thesis work. Under this dissertation work, 

several mammography phantom and soft tissue equivalent samples were used for 

demonstrating the feasibility of using synchrotron radiation in mammography imaging. The 

use of synchrotron radiation in medical imaging has shown great potential for improving 

soft tissue image contrast especially in case of breast. Advanced imaging technique using 

SR have been explored by carrying out x-ray phase contrast imaging studies in 

mammography at Indian synchrotron facility Indus-2. Under this study quantitative 
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evaluation of XPCI technique for the various breast tissue equivalent test materials and 

mammography phantoms are reported. Different phantoms and samples including locally 

fabricated samples were used to perform absorption and phase mode imaging at 12 and 16 

keV SR beams. Edge enhancement index (EEI) and edge enhancement to noise ratio 

(EE/N) were measured for all the phantom and sample images. Absorbed dose values to air 

were calculated for 12 and 16 keV SR beams using the measured SR flux at the object 

plane and by applying the standard radiation dosimetry formalism. For the first time in 

India, XPCI studies were carried out in mammography using low energy synchrotron 

beams of 12 and 16 keV. Outcome of the study suggests good contrast improvement under 

phase mode than the absorption mode for the various test objects and phantoms giving 

future scope for imaging the breast tissue specimens. 

6.1 Future scope 

 The thesis describes the development of a mammography phantom as import 

substitute which can be used for QC and QA check of mammography systems including 

mammography dosimetry. This phantom will also be helpful in performing the national 

postal audit of image quality and mean glandular dose received by patients in the various 

mammography systems at regional level as the developed phantom is of light weight and not 

very expensive like imported one. Also collected data on MGD at national level can be used 

for establishing the national reference level or guidance level in mammography. 

Mammography film studies for its sensitometric evaluation at different development 

temperature and time can be used to optimize the processing conditions for the mammograms 

taken on different vendors’ mammography films. Digital mammography although has several 

technical advantages over SFM, but potential for increasing the patient doses cannot be 

resolved unless a systematic inter image quality and dose relationship is established for the 

different phantom thicknesses as encountered clinically with the patients. Hence image 
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quality and dosimetry studies on a-Se based flat panel digital mammography system can be 

used to set up a bench mark for performing such studies on different digital mammography 

systems. The XPCI experiment conducted at the Indian synchrotron facility have shown the 

better visibility for the soft tissue objects when compared with the absorption imaging. In 

India, medical physicist and medical research communities are not aware applying the use of 

synchrotron in imaging, whereas globally great opportunities using XPCI method have been 

shown by several synchrotron researchers. From the work of these researchers it can be 

concluded that future possibilities of the XPCI method in medical field should not be 

underestimated. Furthermore clinical use of XPCI demands other factors to be determined 

such as most appropriate imaging devices, optimized energy levels, dose and other 

parameters affecting image quality. 
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