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Chapter 2 

Literatu re Review 

2.1 Breast cancer 

2.1.1 Brief anatomy of the breast 

Pectoral __ -IIIlH 
Muscle - Fascia 

Ribs - -

Figure 2.1: Illustration of breast 
anatomy, adapted from Andolina et 
al., (1992). 

The breast is composed of glandular and adipose 

tissue and surrounded by an outer layer of 

superficial skin (0.5 to 2.0 mm thick) and a bilayer 

of fascia. Below this lies a layer of subcutaneous 

fat, which mayor may not be continuous with the 

adipose tissue between the glandular 

components. Glandular tissue, which is the 

accepted origin of breast cancer, consists of a 

number of ducts, each of which defines a segment 

or lobe of the gland. Between 8 and 20 ducts 

become superficial at the surface of the nipple. 

Directly interior to these openings are extensions 

of lactiferous sinuses, which transport milk during 

lactation. More interior to the chest, major ducts 

divide into numerous branches and terminate into 

lobules, blunt ending ductiles shaped like a bulbs. 

A majority of breast is located between the second and seventh ribs, anterior to the 

pectoralis muscles. Vascular supply to the breast is via the lateral thoracic artery, and 

innervation originates predominantly from the cutaneous branches of the thoracic 

intercostal nerves. Lymphatic drainage of the breast is of particular concern because 

tumors in the lymph system have the potential to metastasize (spread to other organs). 

The bulk of breast drainage is to the axilla, and intramammary lymph nodes can be 

seen in about 5% of normal women by a mammogram. When a lymph node contains 

cancer it is treated with radiation or removed to avert tumour spreading or recurrence. 
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2.1.2 Aetiology 

Environmental factors, as well as genetics are attributed to breast cancer incidence. 

External influences may include contact with chemicals (carcinogens) through inhalation 

or ingestion, or exposure to radiation that may alter DNA. In terms of genetic factors, 

women who inherit an abnormal gene are predisposed to subsequent breast cancer 

development. Some women with hereditary breast cancer have been found to retain a 

mutation or loss of tumor suppressor gene p53 on chromosome 17p (Malkin et a/., 

1990). BRCA 1 and BRCA2 (on chromosomes 17q21 and 13q, respectively) are other 

heritable genes that have been identified as instigators of breast cancer (Wooster et a/., 

1994). 

Breast cancer occurs as the result of two or more alterations in the chromosomal DNA 

of a cell. As an alternative to being corrected by typical DNA repair mechanisms, the 

damage is passed on to future generations of celis. Without this proliferation, mutations 

in the DNA would not become expressed. Eventually, unrestrained cell growth results 

when sufficient damage accumulates in particular genes. Multiple damaging events 

must occur at specific sites in the chromosome to generate prolonged existence of the 

cancer. If cells that replicate without inhibition gain access to the lymphatic and vascular 

systems, they acquire the ability to become metastatic. Early detection allows for the 

treatment of cancer before it reaches this fatal stage. 

2.1.3 Classifications and diagnostic views 

The most common breast tumour formations are mass lesions and 

microcalcifications. Microcalcifications (Figure 2.3) are specks of 

hydroxyapetite [Ca5(P04hOH], with diameters as small as 100pm 

and originate in the gland ducts, often in clusters. Microcalcifications 

are associated with both benign and malignant cancer although there 

is an increased risk for malignancy based on the number, 

morphologic appearance, size, and distribution (Sickles, 1986). 

Contrary to previous thinking, recent studies have shown that 

clustering (more than 5 microcalicifications in an area of 0.5 x 0.5cm), 

is not always an effective way to diagnose malignancy (Park et a/., 

Figure 2.2: 
mediolateral 
oblique 
(M LO) view of 
a lesion. 
Source cited 
in text. 
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2000). Larger mass lesions (Figure 2.2) are characterized by fine fibrillar structures that 

radiate from the mass or the presence of architectural distortion. Lesions are usually 

much larger and easier to detect and can grow to over 5 cm in diameter. The average 

size of a lesion is 2-3 cm, but at that time the five-year survival rate is only 60% 

(Wanebo et al., 1974). 

Figure 2.3: 
Cranio-caudal 
(CC) view of 
micro­
calcifications. 
Source cited in 
text. 

Two mammographic images are taken at different angles to allow for 

adequate visualization of the entire breast region. Although this 

doubles the radiation dose delivered to the breast tissue, two views 

have been proven to detect significantly higher cancers with a lower 

recall rate (Wald et al., 1995). Published studies show missed 

detection rates up to 25% with a single view (Morrison et al., 1998). 

A medio-Iateral oblique (MLO) view, Figure 2.2, can be taken at 

angles ranging from 30 to 60 degrees from the transverse line 

(Andolina et al., 1992), while a standard cranio caudal (CC) image, 

seen in Figure 2.3, is taken in the transverse plane (parallel to the 

ground). The mediolateral oblique is the most useful projection of the 

breast (Kopans, 1998) because it allows the breast tissue to be pulled away from the 

chest wall using compression in the plane parallel to the pectoralis muscle fibres. This 

axillary region is the location of lymph nodes, where tumours have the opportunity to 

metastasize. Figures 2.2 and 2.3 were taken from the University of Southern Florida 

digital mammography database. 

(http://marathon.csee.usf.edu/Mammography/Oatabase.html) 

2.1.4 Incidence and early detection 

Being female is the most notable risk factor for patients afflicted with breast cancer. 

Although breast cancer also occurs in men, less than 1 % of cases are attributed to the 

male gender (Kopans, 1998). Other less obvious factors include early menarche, late 

menopause, nUlliparity, or later age of first full term pregnancy. The incidence of breast 

cancer also increases with age. Likewise, either a previous history of breast cancer, or 

a first- degree relative (mother, sister, or daughter) history of breast cancer can also 
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indicate a high-risk female. Il1cidence rates for different races may be related to 

culturally linked traits such as diet, hereditary patterns, or variations in socioeconomic 

status (Mettlin, 1999). 
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Figure 2.4: Breast cancer incidence severely 
increases with age. Data from Kopans, 1998. 

Age is an important indication of breast 

cancer risk because unrestricted cell 

growth is projected to occur more often 

in women as they age because non-fatal 

DNA damage is less likely to be 

repaired. Breast cancer incidence is 

shown to increase substantially from as 

early as 35 (Figure 2.4). To facilitate 

early detection, women are 

recommended to have a base mammogram taken at the age of 40, and with a follow-up 

every 2 years. After the age of 50, annual mammograms are advised. 

Until the causes of cancer are 

fully deciphered and resolved, 

early detection through 

screening is the main strategy 

for breast cancer mortality 

reduction. According to 

Kopans (1998), "Mammography 

is the primary breast imaging 

technology and the only system 

Studl£ (dates) Screening freguencl£ Mortalitl£ 

HIP, NY (1963-69) 12 monlhs -23% 

Malmo, Sweden (1976-86) 18-24 months -49% 

Kopparberg, Sweden (1977-85) 24 months -27% 

Edinburgh, ScoUand (1979-88) 24 months -22% 

Stockholm. Sweden (1981-85) 28 months +4% 

Gothenburg. Sweden (1982-88) 18 months -24% 

Table 2.1: Compilation of randomized clinical trials of 
women aged 40-49, illustrating drastic reductions in 
breast cancer mortality. (Adapted from Feig, 1995.) 

that has been validated for screening." Undeniably, early cancer detection through 

mammography screening is recognized as the primary cause of drastic reductions in 

breast cancer mortality (Feig, 1995). 
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2.2 Mammography 

The first reproducible technique for radiographically imaging the breast using film­

screen mammography was described in 1960 at the M.D. Medical Hospital in Houston, 

Texas (Egan, 1960). By the mid -1960s, the first dedicated mammography unit was 

created in France, and similar systems are still constructed and utilized today. Film­

screen mammography is currently the gold standard for breast cancer diagnosis and 

detection around the world. With the advent of digital technology, digital mammography 

has become possible. Early in 2000, the FDA approved the first digital mammography 

system to be used for routine breast cancer screening. However, despite these 

advances, many developing countries, such as South Africa, lack a national screening 

programme for the detection of breast cancer. 

2.2.1 Equipment 

In a mammography system, an x-ray tube must create radiation with enough energy to 

penetrate the breast but not so much as to prevent adequate contrast and spatial 

resolution. The radiospectrum of x-rays is determined by both the target/filter 

combination of the tube and the peak kilovoltage setting on the x-ray unit. A filter 

eliminates the non-useful portion of the x-ray, thus reducing unnecessary radiation 

exposure. The limit of the absorption is specific to the filter, and variations of 

X-ray Tube 
Housing 

Colllm 

Face 
Shield 

Compression 
Paddle 

Film Tray 

Control 
Panel 

Foot Controls 

Isocentrlc 
C-arm 

ndles 

Figure 2.5: Components of a standard screen­
film mammography unit (Andolina et al.,1992). 

molybdenum, tungsten, and rhodium are 

commonly used for both the target and the 

filter due to their favourable radiation 

peaks. Breast density and thickness must 

be taken into account when determining 

the target and filter because denser 

breasts require higher energy radiation. 

However, energy that is too high reduces 

the soft tissue contrast and is not favored 

for imaging breasts of containing more fat 

and connective tissue. A standard screen­

film mammography system (Figure 2.5) 

illustrates the primary mechanical 
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components. 

The breast is exposed to a spectrum of x-rays, some of which are scattered while others 

are transmitted through the tissue. The transmitted x-rays pass through a grid 

composed of upright lead strips, which allows only parallel radiation to pass, whilst the 

scattered radiation is absorbed. The grid also moves perpendicular to the incident x­

rays to ensure that the lead strips do not become a permanent fixture on the resultant 

image. The efficiency of the grid depends on the height and spacing of the strips. 

Conventional mammography techniques that use grids require 2 to 2.5 times more 

exposure than non-grid techniques (Haus and Yaffe, 2000). However, since grids 

drastically reduce the effects of scattered radiation, they are used almost universally for 

nonmagnification views. 

A compression paddle also reduces the proportion of scattered radiation by restricting 

the thickness of the breast to a uniform width. Breast compression results in higher 

image contrast and a reduction in geometric unsharpness. Compression also restricts a 

patient's motion, which permits a sharper image through a shorter exposure time. 

Radiation dosage is reduced because a thinner breast requires less radiation to achieve 

the same film optical density. Flattening the breast also decreases over-penetration in 

the thinner anterior tissues and under-penetration of thicker posterior tissues and allows 

better visualization of lesions by reducing superimposition of breast tissue. However, 

compression pain is the largest patient complaint due to the sensitivity of breast tissue. 

Certain specifications for mammography equipment contribute to safe high-quality 

imaging. Many important aspects of x-ray equipment include mechanical 

considerations, the x-ray tube focal spot and spectrum, generator performance, 

collimation, scatter rejection, and the automatic exposure control. Equipment 

recommendations set forth by the American College of Radiology Focus Group and the 

European Commission for Public Health clarify the optimal imaging system design, 

taking into account the assembly, quality, and alignment of the equipment, as well as 

the technique used in performing mammograms (Yaffe et al., 1995). Whilst these 

guidelines address all screen-film stipulations (such as detector regulations, and film 

quality), they pertain to most aspects of a digital system as well. 

8 
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2.2.2 Screen-film Mammography 

Analogue-based mammography is currently the most common method used to screen 

patients for existing cancers. Breast tissue is highly sensitive to radiation exposure. 

When administering a mammogram the emitted dose must be kept exceedingly low 

because breast cancer screening requires recurrently exposing large populations of 

women to radiation. 

Mammograms must also maintain a lower dynamic range of high contrast than chest or 

bone radiology because small differences exist in the soft tissue density of the breast. 

As a result, the relationship between x-ray exposure, image density, and contrast, is a 

delicate one. The Hurter and Driffield curve illustrates the narrow exposure latitude 

(dynamic range) on a screen-film system under given conditions (Reynolds, 1999). 

High contrast in the intermediate-density regions of the breast is only plausible with less 

contrast in the shoulder and toe of the curve (the fatty tissue and the glandular tissue, 

3.0..,------------------, 

2.0 

,0 

r 
Image 

contras t 
111m A 

! 
Toe reg:on 

j 

Image contrast 
fl lmB , 

"-.... 

Linear 

T 
contrast Base + log level t 

o ~---~~-~~--_.----~ 
.01 .1 1 10 100 

Leg exposure ( mR ) 

Figure 2.6: Hurter and Driffield curve (Huda and 
Sloan, 1995) illustrating the characteristic 
relationship between exposure and optical 
density in screen-film systems. Film A exhibits 
higher contrast while Film B maintains wider 
exposure latitude. 

respectively). 

While the standard use of 

mammography screening IS 

responsible for lower breast cancer 

mortality rates in the United States 

and Europe, screen-film 

mammography is not infallible. 

According to sources in the literature 

(Moskowitz, 1995; Huda and Sloan, 

1995) screen-film mammographers 

miss approximately 10% of all 

cancerous tumours. This large 

percentage is partially a result of 

limitations in image quality that 

obscure the radiologist's view of 

arch itectu ra I distortions and 

microcalcifications. 

9 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.2.3 Secondary Digitization 

Advances in digital technology have made it possible to scan analogue-based images 

into digital format. Some benefits of secondary digitized images include easy 

transportation (telemammography) and storage. Digitization also facilitates the analysis 

of digital mammograms on a computer monitor, using distinct and uniform algorithms 

instead of fallible human evaluation. Likewise, it is possible to use algorithms to locate 

areas that are potentially malignant, thus combining both computer and human analysis. 

However, since the same amount of information available from a film is transferred to 

the digital display, there is no increase in spatial resolution. Some information is 

actually lost in the digitization process so it is possible that a secondary digital 

mammogram has less information than its analogue counterpart. As a result, imaging 

characteristics of the film, such as film gradient, can limit the subject contrast and the 

response of film to light is usually characterized by the H&D sigmoidal curve mentioned 

beforehand that narrows screen-film exposure latitude (Reynolds, 1999). However, 

contrast and brightness can be adjusted on a monitor. 

2.2.4 Primary Digitization 

Primary digital x-rays immediately convert light photons to an electronic signal, without 

intermediary film processing. This usually involves a demagnifying fiberoptic coupling 

device and a detector, which collects the signal. After converting the x-ray signal to 

digital form, the detector quantizes the electronic signal into one of 2n intensity levels, 

where n is the number of bits of digitization. The number of bits of digitization 

determines the number of image signal levels; since n is usually equal to 12 or 14, the 

number of signal levels is thus either 4096 or 16384. This digitized representation is 

either received by multiple sub-elements of a detector, or the output signal from a 

continuous detector is divided to represent smaller visual areas. This form of image 

acquisition, termed spatial sampling, facilitates the electronic digestion of large amounts 

of digital data. These signals are stored and processed in a computer and the resulting 

image can be displayed on a monitor or printed on film. 

10 
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2.2.5 Advantages of Digital Mammography 

Image quality in digital systems is equivalent to or better than screen-film quality. 

Contrast resolution is enhanced in digital systems because electrical output is directly 

proportional to the transmitted x-ray intensity throughout the breast, even in dense 

regions. As noted, the response of film to light is characterized by a sigmoidal curve 

that limits contrast in fatty regions and highly dense ·fibroglandular regions. Digital 

images have a wider dynamic range, with a linear response of 1000:1, compared with 

40: 1 for screen-film systems (Feig and Yaffe, 1998). Likewise, lower image noise is 

low c:cn1rast / 4.0 

/ 
highconnst / 

/ 
I 1 

o o 
Log Tr;on5Tllitbad X-r.ry Intensity T~ X-<ay lmensity 

16364 

Figure 2.7a and Figure 2.7b: A comparison of the high contrast regions of film­
screen and digital imaging. Figure 2.7a is also referred to as a Hurter and 
Driffield (H&D) curve. 

present in digital x-rays, partially due to the lack of film. 

Digital images can also be manipulated and enhanced because image acquisition, 

storage, and display are separate operations. Consequently, variant versions of the 

same image can be created at different brightness and contrast settings. Areas of 

interest can be enlarged and scrutinized, making the need for supplemental views 

unnecessary, thus eliminating a patient's additional exposure to radiation. Contrast and 

brightness can also be adjusted, making abnormalities in dense tissue easier to detect. 

Film development severely hinders the rapid display of images, while digital images are 

almost instantaneous. As a result digital imaging is currently used in breast treatments 

requiring on-the-spot images (Whitlock et a/., 2000). The implementation of full field 

digital mammography in select Canadian clinics has reportedly increased throughput 

and productivity. According to reports, clinics can obtain two times the exam volume 

over their screen-film method (Klucas, 2000). The reduction in recall rates also reported 

11 



Univ
ers

ity
 of

 C
ap

e T
ow

n

reduces the radiation dose from supplementary exposures. Recall rates are reduced 

because breast-positioning errors in imaging can be corrected on the spot. 

For mammograms, time efficiency translates into cost effectiveness. Presently digital 

systems are more expensive than their analogue counterparts; costing between 

$300,000 and $500,000, compared to $75,000 to $100,000 for a regular film machine 

(Harris, 2000). However, digital systems eliminate the cost of film itself as well as 

processing and storing the images. Faster patient processing over a shortened period 

of time either generates greater revenue or lessens a clinic's cost of upkeep. Other 

economic benefits include a reduced costs associated with film management, because 

film retrieval and archiving is an expensive, labour-intensive expenditure. 

The first attempts to detect and classify 

breast abnormalities using computers 

were administered as early as the 1970s 

(Ackerman and Gose, 1972; 

Spiesberger, 1979). Currently, 

computer-aided detection and diagnosis 

in mammography are in the early stages 

of clinical use. Computer analysis of 

mammographic images involves two 

phases, image processing (computer 

vision) and interpretation (artificial 

Figure 2.8: Digital mammography images show a 
right CC view of the breast before and after image 
reconstruction. (Source: GE Medical Systems, 
http://www.gemedicalsystems.com/rad. 2000) 

intelligence), which can be intermeshed within algorithms. In processing, important 

image features are commonly enhanced while those of little interest are de-emphasized 

using techniques such as image subtraction and segmentation. Bayesian image 

estimation (BIE) has been proven to advance image processing by reducing scatter 

content and improving the contrast-to-noise ratio (Baybush and Floyd, 2000). Artificial 

neural networks can then identify relationships between input and desired output 

parameters to detect and characterize abnormalities. Likewise, rule based methods 

(Nikishikawa et at., 1995), discriminate analysis (Bankman et al., 1993), and fuzzy logic 

(Cheng et at., 1998), are different forms of artificial intelligence under investigation. 
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The sensitivity of the system, as well as its specificity, and the nature of the cases in its 

reference database, are the primary factors that effect the success of a computer-aided 

detection system. Studies suggest that significant differences exist in radiologists' 

preference for algorithms used to detect masses versus microcalcifications 

(Sivaramakrishna et al., 2000). However, computer aided diagnostic algorithms have 

outperformed general radiologists in characterizing lesions as benign or malignant (with 

sensitivities for malignancy as high as 100% described) (Vyborny et al., 2000). 

Electronic storage devices, such as optical disks, facilitate the extended storage of 

digital image information. Picture archiving and communications systems (PACS) are 

based on a dedicated computer which can access data stored in digital image 

processors and transfer it at high speeds to archival storage media or other computer 

systems. Digital format facilitates the transport images (i.e. telemammography) 

between physicians or institutions eliminating lost or damaged film copies of 

mammograms. This also facilitates expert radiological consultation in any location with 

a necessary linked connection. While a compressed mammogram may not preserve 

the same image quality of its original, certain amounts of data compression (up to 

101:1) can be maintained without the degradation of radiological quality with respect to 

detecting masses. According to Good et al. (2000), mammogram data compression 

does cause degraded observer performance in locating smaller details such as those 

necessary to define microcalcifications. 

2.3 Image Quality 

The literal image quality of a mammogram is an indistinct concept, indicating the clarity 

with which a radiologist can read the image. Thus, higher image quality should indicate 

a higher percentage of tumours detected and diagnosed properly. However, it is difficult 

to define the exact relationship between physical image properties (i.e. contrast, 

resolution, and noise) and the ability to detect and diagnose features. As a result, 

image quality is usually based on technical image attributes, such as contrast, spatial 

resolution, image noise, signal-to-noise ratio, and the absence of artifacts (Vyborny and 

Schmidt, 1994). 
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2.3.1 Contrast 

Radiographic contrast refers to the magnitude of the signal difference between the 

structure of interest and its surrounding area. Contrast in a screen-film mammogram is 

defined as the optical density difference between corresponding areas on the processed 

film. For a digital system, contrast is quantified as the relative brightness difference 

between two areas in an image displayed on a monitor. Total radiographic contrast is 

dependent upon both the subject contrast and the receptor contrast of the system (Haus 

and Yaffe, 2000). 

Figure 2.9: 
Illustration of 
the 
dependence of 
image 
performance on 
radiographic 
contrast. 

Subject contrast defines the difference in x-ray exposure to the image receptor 

transmitted through adjacent parts of the breast. For example, microcalcifications and 

marginal characteristics of soft tissue masses illustrate different x-ray attenuation 

properties than the surrounded tissue area. These absorption differences are affected 

by the distinct qualities of the lesion and surrounding breast tissue, such as density, 

thickness, and atomic number. The spectrum of x-rays used in the mammogram (i.e. 

the radiation quality) and scattered radiation also affect the subject contrast. When 

scattered x-rays or excess high energy x-rays escape the breast and are recorded by 

the image receptor information content of the mammogram decreases because 

scattered radiation adds noise and reduces the signal to noise ratio of the image. 

Receptor contrast is more problematic for screen-film mammograms than digital images 

because properties of the film often determine the magnitude of image differentiation. 

Film contrast determines how the optical density pattern on the film results from the 

received x-rays. In digital mammography the stored image reflects the subject contrast 

because its signal is directly (or logarithmically) proportional to the amount of radiation 

transmitted through the breast (Figure 2.7b). 
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2.3.2 Spatial Resolution 

Spatial resolution defines the competence for recording fine detail - low spatial 

resolution results in coarser detail. When the structural boundaries of an image are 

spread into its surroundings, the resolution of the image is degraded. This spreading, 

known as blurring, can be caused by any combination of motion, geometric, or the 

receptor influences. The Motion Transfer Function (MTF) is a numerical measure of 

spatial resolution because it describes the ability of a system to transfer the contrast 

(modulation) of a structure to its final recorded image. A system with an MTF of 0.1 

necessitates that 10% of the inherent contrast of the object has been retained on the 

recorded image. Limiting spatial resolution is defined as the frequency at which the 

MTF reaches a certain value (4-5%)(Rossman, 1963). 

Motion blurring, often caused by prolonged exposure time, results from the movement 

of the breast during the exposure period of the imaging process. Exposure periods less 

than two seconds, along with compression, are desired for the reduction of motion 

blurring. Motion blurring for digital systems is also dependent upon the duration of 

exposure. A scanning system requires longer overall exposure although only part of the 

breast is exposed to x-rays at any given time. Therefore, motion can cause the 

accumulation of false signals between the sections imaged before and after the 

movement. 

An image's geometric blurring is effected 

primarily by the depth, intensity 

distribution, size, and shape of the x-ray 

tube focal spot. The focal spot creates a 

shadow of any structure within the breast 

that increases with the degree of 

magnification between the structure and 

the receptor. When the shadows 

overlap, the result is blurring. Shadow 

size depends upon the size and shape of 

the focal spot, as well as the SID (source 

to image receptor distance). Maximizing 

Recordlnli: System 

Breast 1mali:e 

Figure 2.10: Illustrating how a small focal 
spot reduces geometric blurring (Adapted 
from Haus and Yaffe, 2000) 
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the distance between the focal spot and object, and minimizing the distance between 

the object and image receptor reduces geometric blurring. 

Receptor blurring occurs distinctly in screen film systems and digital systems. For 

screen-film radiography, light is usually spread by a screen before it has a chance to be 

recorded. Phosphor layer thickness, phosphor particle size, dye and pigment content in 

the screen (causing light absorption), and screen film contact are properties of the 

screen that influence blurring (Haus, 1990). In digital systems, receptor unsharpness 

results from signal diffusion between elements, the active area of each element, and the 

pitch (center to center spacing) between elements (Haus and Yaffe, 2000). 

2.3.3 Noise 

When a radiograph that is given uniform x-ray exposure illustrates variation in random 

optical density, the phenomenon is termed noise or mottle. Noise is generated by 

factors both before and after an image is recorded, hence screen-film and digital 

systems maintain some similar noise sources. Noise resulting from film grain and film 

processing artifacts is restricted to screen-film systems, while quantum mottle and x­

ray-to-light conversion noise affect digital mammography systems as well. 

X-rays X-rays X-rays 

1111111 1111111111 11111111111111111 

Figure 2.11: Quantum mottle results from random spatial variation of 
photons and decreases as the number of photons is maximized. 

The x-ray quanta absorbed in the image receptor exhibit random spatial variation known 

as quantum mottle. When additional x-rays form an image, this quantum noise is 

reduced because the 11uctuation in the image relative to useful signal decreases and 

thus noise diminishes. Unfortunately, fewer x-rays must be used in faster (more 

sensitive) systems that increase conversion efficiency, making quantum noise an 

16 
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difference in atomic numbers of fat and tissue (5.9 and 7.4, respectively) play an 

important role in the transmission of x-rays. As the photoelectric effect is dependent 

upon atomic numbers, the composition and density of the substance being irradiated 

effects the radiographic quality of the image. For mammography, the low inherent 

contrast of breast tissue is enhanced by photons with lower energies. X-rays with high 

energy illustrate decreased information because transmission is related to the ratio of 

absorbed and unabsorbed photons. 

To penetrate through larger, denser breasts however, an increase of kVp must be used. 

These denser structures result in beam hardening because x-rays are ·flltered as they 

pass through the tissue. Lower energy x-rays are absorbed and never reach the film, 

while higher energy x-rays have a decreased amount of information. As a result, 

contrast diminishes because tissues favor the transmission of higher energy x-rays. 

2.5 Preliminary LODOX Considerations 

The LODOX MP (Low Dose Digital X-ray Medical Prototype) X-ray Scanner, created by 

Debex Inc., is currently being tested and used at the Groote Schuur Hospital in Cape 

Town, South Africa. This system was implemented in the hospital's Trauma Unit in 

June of 1999 and has produced adequate full body images in the low resolution mode, 

as well as fine pulmonary detail and vascularity at modes of higher resolution 

Figure 2.15: LODOX-MP X-ray Scanner, created by Debex, and based in the Trauma 
Unit at Groote Schuur Hospital in Calpe Town (Beningfield et al., 1999). Additional 
system information is given at http://www.lodox.com/ 22 
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3.1: used to measure HVL. Ionization chamber was in 
the direct center of the beam and which may contribute to scatter were a minimum of 
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3.2.3 Results 

Energy 

(kV) 

40 
40 
40 
70 
70 
100 
100 

Intensity 

(mA) 
80 
100 
125 
80 
125 
80 
125 

HVL 
(mmAl) 

1.59 
1.54 
1.64 
2.85 
2.77 
4.17 

4.04 

Table 3.2: Measured LODOX Half 
Value Layers generated at various 
intensities determine precision. 

0.6 -,----------- ------, 

0.5 -'P"...:-------- ---i-40kV 

C - 70kV 
QI 

B' 0.4 +----=~__,______----I_100 kV 
c 
QI 
o 
~ 0.3 +----------'-~-.;;::::__---____I 
l!! 
::l 
en &. 0.2 -+--~"'=:::::_---------____I 
)( 

w 
0.1 -l--------~~:::::::t~ _ __1 

o 2 3 4 5 
mm of AI 

Figure 3.2: Comparison of aluminium filtration at 
varying kV. Higher energy x-rays exhibit larger HVLs 
(higher x-ray penetrability). 

UNIDOS measurements were initially recorded in pC. Absorbed dose readings, in Gray 

(J/kg), were calculated using both conversion (1.050E09Gy/C) and calibration factors 

(0.931 Air Kerma Gy / Displayed Gy) documented by the Certificate of Calibration. 

Since HVL measurements are calculated based on exposure (in Roentgen), the 

absorbed dose values were then converted using standardized factors: 1 R = 87.33 .J/kg 

air (Johns and Cummings, 1983). This set of calculations resulted in exposure 

measurements (in Roentgen), at each 0.5 mm of AI filtration, as seen in Figure 3.2. 

Since the HVL is literally the point at which the exposure is decreased by 50%, the 

unfiltered dose was divided by 2 and the subsequent equivalent filter value was equated 

using best line fit plots. Second order polynomial trendlines generated the best fits with 

R2 values ranging between 0.985 and 1. The resulting HVLs are given in Table 3.2. 

The exposure taken at each 0.5mm filtration of AI is illustrated in Figures 3.2 and 3.3. 

The exposure response at given filtrations is nonlinear because the charge captured by 

the ion chamber and recorded by the detector is not monoenergetic. As each filter layer 

is added, the actual quality of the beam changes. With increased filtration, the energy 

of the transmitted x-rays becomes more monochromatic. Although the purpose of 

filtration is to remove excess radiation that will be absorbed by the body (primarily lower 

29 
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kV x-rays), mammography uses lower energy x-rays than other forms of diagnostic x­

ray imaging. As a result, less filtration is required for breast imaging because the 

photons that are normally filtered out are useful for mammography. 

0.08 .,--------------------, 

0.07 t--------~-=-~--I 
_SOmA 

£: 0.06 _ 100 rnA 
GI 

~ 0.05 +-'<-~------___1_ 125 rnA 
GI 
a 
~ 0.04 ~~---"~-------------I 
~ 
~ 0.03 +----'''c-~~------------I 
o 
c. 
~ 0.02 +----~2'_<~~---------I 

o~-~-~--~-~-~-~, 

o 2 3 4 5 
Riter thickness (mm AI) 

Figure 3.3: Comparison of aluminium filtering at 
various x-ray intesities (40kV). X-ray intensity 
slightly increases the exposure but does not 
significantly alter the HVL. 

6 

Half value layers increase with x-ray 

energy because the penetrability of 

the beam is greater at higher 

energies. X-ray penetrability varies 

for different systems because it is 

dependent upon the components 

that create the x-ray spectrum. The 

lowest setting on LODOX is 40kV, 

hence HVL was measured at this 

setting for the purposes of 

quantifying mammography feasibility. 

Mammograms are usually taken 

between 24-32 kV but it was not 

possible to recreate these kVs on the LODOX machine. For the purpose of generating 

a good range of data, additional HVLs were recorded at both 70 and 100kV. 

Typical mammography tube currents range from 80-100mA (Huda and Slone, 1995). 

Exposure measurements were taken at both 80 and 125 over the range of kV values 

(40,70,100kV) to measure precision. Measurements were taken at 125 rnA because this 

value, when multiplied by exposure time, in this case 1 ~OOms, is comparable to 

mammographic intensity exposures for 3 - 4 cm breasts in milliamp seconds (125 

mAs). 

As expected, the half value layers for the graph above (at 40 kV) differ very slightly and 

show no direct variance with mAs. For example, the highest recorded HVL (1.64 mm 

AI) was recorded at 1 OOkV while the lowest (1.54 mm AI) was recorded at a higher x-ray 

energy, 125kV. This variation may be due to experimental setup. The resulting HVL 

values for the same kV (at varying mAs) show standard deviations of ~ 0.04, ~ 0.04, 

and ~ 0.07 mm of AI for 40, 70, and 100 kV, respectively. 
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Table 3.4: 
W/AI 1.78 SO 1.21 HVL 

W/AI 1.27 40 0.79 values from 

W/AI 0.64 30 0.36 Hammerstein et al. 

0.03 28 0.31 (1 

Table 3.5: LODOX 
HVL values illustrate 

W/AI 2.00 100 4.11 the hardness of 
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3.5.2 Results 

~ 
III 
c: 
Q) -c: 
iU c: 
CI 
in 

1 

0.9 r 
0.8 

>- 0.7 
~ 
I/) 

0.6 c: 
QI -.5 0.5 

Cii 
0.4 c: 

C) 

i:i) 0.3 

0.2 

0.1 J 

0 

o 50 100 150 200 250 300 350 400 450 500 

Pixel 

Figure 3.5: Edge Spread Function (ESF) of a tungsten plate generated by 
the LODOX-MP over a range of 512 sampling points. 

0.18 

0.16 

0.14 

0.12 
--Raw Data 

-- Filtered Data 

0.1 

0.08 

0.00 

0.04 

0.02 

0 .J \l .I L1. t. ,",,-, .f. 
,. ",.. 'J • '.~ r ~' ",.. " 

~ 50 100 150 200 250 300 350 450 
-0.02 
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Figure 3.6: Line Spread Function (LSF) calculated by the differentiation of 
the LODOX ESF. A Hanning filter (Samei et al., 1998) was applied to the 
LSF to reduce noise unassociated with the edge transition. 
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Figure 3.7: Modulation transfer function (MTF) results from a Fourier 
transformation of the LSF. A best fit LODOX MTF is compared to data from 
the GE Senographe 20000, Digital mammography systems should be 
capable of 5% MTF at 8-10 cycles/mm (Williams et al., 1997). 

0.6 

~ 0. 5 
:2 

0.3 

0. 2 

0.1 

0 
A 

0 4 6 10 ! :: : ~ 16 18 

Figure 3.8: MTFs of typical screen film mammography receptor (A) and 
digital receptor with 50 micron detector elements (8). Graph taken from 
Haus and Yaffe (2000), 
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3.5.3 Discussion 

Total systemic MTF of the LODOX-PPM is illustrated in Figure 3.7. A Hanning filter was 

used to filter the LSF signal (as done in Samei et a/., 1998) and a fifth order polynomial 

was fit to LODOX MTF data for comparison. 

An illustration of generic MTFs (Figure 3.8) illustrates that digital detectors have the 

potential for better MTFs at higher spatial frequencies. However, factors other than the 

detector also degrade the total MTF. LODOX MTF, in comparison to the general graph, 

exhibits much greater noise than the general representations of detector MTF. 

The average LODOX MTF values at various spatial frequencies are lower than the MTF 

values measured by Gransfors and Aufrichtig (2000) for the GE Senographe 2000D. At 

0.5, 1.0, 1.5, 2.0, and 2.5 cycles per millimitre LODOX MTF values were 0.82, 0.57, 

0.38, 0.27, and 0.20, respectively, compared to GE Senographe 2000D values of 0.89, 

0.71, 0.53, 0.37, and 0.26 for the same spatial frequencies. Detector design goals for 

digital mammography systems with a pixel size of 50-75 microns, yield limiting 

resolutions of 7-10 cycles per millimetre. For this pixel size to be useful, the modulation 

transfer function (MTF) should be greater than 5%-10% out to 8-10 cycles per 

millimetre (Williams et ai, 1997). LODOX conforms to the lower end of this parameter 

with an average MTF of 5.02% between spatial frequencies of 8-1 0 cycles/mm. 

Limiting spatial resolution has 

also been expressed in terms of 

the frequency at which the MTF 

equals 4-5% (Rossman, 1963). 

Although this relationship is not 

precise (Haus and Yaffe, 2000), 

it offers another means of 

measuring the experimental 

Ip/mm of a system. For the 

LODOX-MP, the limiting spatial 

resolution at 5% MTF is 

~ 

\ 
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Figure 3.9: Illustration of the diverse contributing 
measured as 4.16 Ip/mm. Using a MTF factors to the total measured MTF. Adapted 

from Johns and Cunningham (1983). 
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3.6.2 Results 

I 
0.9~~------------------------------------------~1 
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0.7 -ttI/-j----------------------------i ---Raw data 
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g 0.5+~\~~r_------------------------------------~ 
0.4 \ ~~ 
0.3 \ ~\ 
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Figure 3.10: LODOX-MP DQE data was analyzed using a 130kHz low 
pass filter and using a fifth order polynomial best fit tread line. 
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Figure 3.11: Comparison of LODOX DQE and DQE data shown in the 
literature (Summary of Safety and Effectiveness for GE Senographe 
2000D, 2000, and Dobbins et al., 1995). 
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Figure 3.12: Comparison of LODOX DQE calculated with both one­
and two-dimensional noise power spectrums (NPS). A two­
dimensional NPS is a more accurate representation of noise 
(Dobbins et al., 1995; Granfors and Aufrichtig, 2000). 

3.6.3 Discussion 

DOE values are shown above as percent values, in accordance with the literature. In 

order to eliminate excessive noise, a low pass filter (130 kHz) and a fifth order 

polynomial equation were fit to the raw DOE. Although the 130 kHz filter was effective 

in smoothing out the DOE curve, it did not accurately reconstruct the magnitude of the 

quantum efficiency. The polynomial fit, although not infallible, allowed comparison of 

LODOX DOE that was more representative of the actual data. 

Calculated LODOX DOE was compared to that of a digital mammography system and a 

digitized screen-film system. Digital mammography data was obtained from the FDA­

approved Summary of Safety and Effectiveness Data for the GE Senographe 20000. 

Screen-film DOE data is from Dobbins et al_ (specifically Figure 14b,1995) using a 

standard system (Philips model SRO 33/100) and computed radiography acquisition 

device (Philips Medical Systems, PCR model 7000). This particular data was chosen 

from a number of sets because it illustrated the largest DOE for a pixel size most closely 

comparable to LODOX. 
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1 0 2 

1 0 2 

1 0 2 

3 1 2 

3 1 2 

3 1 2 

2 2 

10 2 

4 3 2 

Table 3.9: of Screen Film and LODOX 
of ACR Accreditation Phantom Model 156. 

are scored to literature criteria. 

row row B rowe row D 

1 3 2 3 

2 3 2 3 
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3.7.3 Discussion 

Of the screen-film images, the image that exhibited the best clarity was taken at 27 kV 

with a Mo filter. The Model 156 film taken at 35 kV appeared slightly overexposed, and 

clarity was sacrificed to the brightness of the image. The Dupont phantom 

demonstrates the most lucidity and variability in objects and as a result, was useful for 

comparison with digital images. 

In screen film mammography, exposure is automatically selected via calibrated sensors 

under the film cassette. This prevents over-and under-exposure of films because there 

is no direct correlation between breast thickness, compressibility. radiographic density 

and size (Kopans, 1998). According to Huda and Sloan (1995), typical mammography 

x-ray tubes range from 80-100mAs, and exposure times are usually about 1 second. 

For this study, exposure readings were taken over one second at intensities between 

80-125mA. As a result, the images generated at 80 and 100 mAs should be 

representative of screen-film intensity. 

Comparisons of LODOX and screen-film films for both phantoms illustrate LODOX's 

deficiency as a mammographic imaging system. This is expected because LODOX was 

built for general radiography purposes. A problem with these comparisons is the 

divergence in x-ray energy of the two systems. Because LODOX is imaging at 40 kV 

100 kVp 

30kVp 

1 1 1 111 
74% 84% 21% 68% 

Percent transmitted 

Figure 3.14: Illustration of attenuation 
differences between muscle and bone at 
various x-ray energies. Breast tissue 
(O.98g/cc) and muscle (1.0g/cc) have similar 
densities. Picture adapted from Huda and 
Sloan (1995). 

(its lowest possible energy), the high 

energy x-rays are being transmitted 

through the phantom with little 

absorption. According to the measured 

HVL, LODOX beams are also 

particularly hard. As a result, image 

resolution is less than the screen-film 

system. To utilize LODOX technology 

for mammography, x-ray tube selection 

must be specifically in the 

mammographic range. X-ray energy 

and other LODOX tube parameter 

alterations discussed in Chapter 5. 
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Characteristics Varian G1582BI Varian M151 BX-2 

60kW 4kW N/A 

O.3mm 

2.2A 
Current 

Anode N/A 

AccelerationTime for Rotation 11sec 3-5sec N/A N/A 

Anode Diameter 184mm 133mm 70mm N/A 

Max. Anode Heat Content 1853kJ 111'1 kJ 65kJ 225kJ 

Max. Anode Heat 2.83kW N/A 125kW 

Inherent Filtration None 

Window Glass Glass 

Table 5.1: of various commercial x-ray tube 
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beam. 
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Appendix D 

Literature Data 

% Interactions by Each Process 

Coherent Compton Photoelec 

4.S 3.1 92.4 

8.S 10.8 80.7 

11.6 23.3 6S.1 

13.0 SO.7 36.3 

11.0 69.6 19.4 

8.6 80.4 11.0 

6.8 86.6 6.6 

% Energy Transferred 

Compton Photoelec 

0.1 99.9 

0.4 99.6 

1.3 98.7 

6.8 93.2 

19.3 80.7 

37.2 62.8 

SS.O 4S.0 

Table 0.1: Types of photon interactions in water (Johns and Cunningham, 1983). 
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Figure 0.2: Comparison of 
Backscatter Factors (BSF) 
generated by Ooi and Chan through 
Monte Carlo simulations, and actual 
measured BSFs (with 
thermoluminescent dosimeters). 
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Figure 0.3: Mean glandular dose conversion factors 
(rad/Roentgen) based on half value layer. Data is taken 
from Stanton et al. , Figure 7 (1984) 
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Appendix F 

Equipment 

Figure F.1: Universal Unidos Dosemeter, Manufactured by 
PTW (Freiburg). A similar apparatus (Model 10002; Serial 
number 20001) was used for all exposure readings, and hence 
dose calculations in this study. Likewise, exposure readings 
were necessary in calculating LODOX half value layers. 

Figure F .2: 0.02cc Ionization Chamber, Manufactured by 
PTW (Freiburg). This apparatus (Model W 23342; Serial 
number 948) was attached to the dosemeter above for all 
exposure readings. 
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Figure F.3: Dupont mammography phantom layout. Row 
A contains microcalcifications ranging from 83-2501lm in 
diameter, Row B contains fibers ranging from O.3-O.Smm 
in diameter, Row C contains spheres and nodules 
ranging from .35-1.0Smm in diameter, Row D contains 
detail disks ranging in thickness from 0.2-O.75mm, and 
Row E contains simulated tissues and structures. This 
phantom is not accredited by the American College of 
Radiology. 
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