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Abstract

We investigate model-based image enhancement of mammographic images and demon-
strate the dangers of ad-hoc image enhancement and analysis. A model of themammo-
graphic process, including degrading factors and the breast is developed. The breast is
considered to consist mainly of “interesting tissue” (glandular/fibrous/cancerous) and
fat. Knowledge of both the compressed breast thickness and exposure are necessary for
the mammography-specific algorithms developed. It is the degrading factors which
are the basis for model-based image enhancement. We study four degrading factors:
scattered radiation, beam hardening, the spatially varying incident radiation intensity,
and poor positioning of the automatic exposure control. The spatially varying incident
radiation intensity can be measured and the mammographic images compensated by
performing an x-ray exposure with no object present, this also provides someof the cal-
ibration data. Poor positioning of the automatic exposure control can be overcome by
modeling the action of the control unit; this proves to be useful in amplifying scatter-
removed signals to create decent images. Scatter is the key degrading factor since
removing it allows simulation of a monoenergetic x-ray beam, and thus removal of the
effects of beam hardening. We model scatter with a conjectured relationship between
energy imparted due to scatter at a central pixel with energy imparted in a surrounding
neighbourhood. Simulating a2 monoenergetic x-ray beam requires a choiceof a photon
energy, and this choice can be made with consideration only of image quality, since
radiation dose to the breast is irrelevant in a theoretical situation. Scatter removal is
local high-pass filtering, and the monoenergetic simulation introduces contrast accord-
ing to the chosen photon energy. Both algorithms greatly enhance mammographic
images, including microcalcifications. The overall model can be verified quantitatively
by inspection of the thicknesses of interesting tissue which must have been present to
give the measured attenuation. The results of these tests were exceptionally good.

Also considered in this thesis are the effects of breast compression on the mam-
mogram. A new technique is proposed (“differential compression mammography”)
which aims to aid diagnosis by using the changes that are observed between tw o mam-
mograms performed at different compressions. The initial results of a clinical trial are
presented, and these are encouraging.

We show that if image analysis algorithms are to work robustly, account of the
imaging parameters and degree of breast compression must be taken.
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Introduction

1.1 Detection of breast cancer

About 1in 12 women develop breast cancer during the course of their lives. There
are accepted risk factors for development of breast cancer, such as family history of
the disease and early menarche, but prevention is impossible at present. In such
circumstances, detection becomes the primary means of reducing mortality, and it is
acknowledged that the earlier that breast cancer is diagnosed, the better the prognosis.

There are several techniques available to the radiologist to aid the detection and
diagnosis of breast cancer: mammography, ultrasound, palpation, magnification mam-
mography, fine needle aspiration biopsy, and open surgical biopsy. Of the non-invasive
techniques, only mammography has been proven to detect the earliest signs of can-
cer. Consequently, mammography is the technique used in breast cancer screening
programmes [31].

The screening programme in Britain involves examining an estimated one and a half
million women each year. One mammogram of each breast is performed at screening,
and so highly trained radiologists have to examine some three million mammograms
a year. This is immensely time consuming and expensive in both man-power and
equipment.

Diagnosis of breast cancer from a mammogramiis difficult for several reasons: many
signs are ambiguous; subtle differences in x-ray attenuation can be crudal; composites
occur; important signs are hidden by the projected nature of the image and dense tissue;
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the images can sornetimes be of a poor quality. Appendix C contains a description of
the radiologist’s task.

10% of all the women who attend for screening have to endure the psychological
trauma of being recalled to an assessment clinic due to abnormalities in their initial
mammograms. Many of these abnormalities are resolved by performing further mam-
mograms at d1fferent viewing angles. Ultrasound, palpation and fine needleaspiration
biopsy are used if the radiologist is still suspicious. Despite all of these tests, some 8%
of cancers are missed [67] and 70-80% of open surgical biopsies are benign [91].

The type of signs commonly looked for in mammography, the importance of de-
tection of these signs, and the sheer cost involved in screening suggest that image
processing and image analysis could contribute to more effective screening,

1.2 Role of computer

The computer might play a number of different roles which complement the rdiclogist:

¢ Imagearchiving: the screening programme produces huge numbers of mammo-
graphic flms that degrade over time and require storage space.

¢ Image enhancement: mammographic images are substantially degraded, and
contain information not immediately visible on a light box. Digital enhancement
of an image is important practically because the image is improved withno further
radiation dose to the breast.

o Objective measures: radiologists are subjective observers of mammographic
signs, and they often try to correlate these signs with malignancy. Objective mea-
sures calculated by a computer should remove intra-observer and inter-observer
differences and provide more consistent results.

o Sorting easy/difficult: the computer could sort the mammographic images into
easy-to-diagnose and difficult-to-diagnose so that a more experienced radiolo-
gist gets the difficult images, whilst a less experienced radiologist (or computer
maybe) gets the easy images.

Furthermore, the computer might play a role which emulates a radiologist:

¢ Prompting: the radiologist is prompted to look at certain sections of themammo-
graphic image which have been deemed suspicious by a computer program.

s Second opinion: every mammogram should be viewed by two radiologists; the
computer might take the place of one of them.
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» Fully automated diagnosis: the ultimate goal, which has been aimed at since
the earliest days of accessible computing. In 1967, Winsberg et al. {107] wrote:
“Beause of the problems inherent in the routine viewing of large numbers of
examinations of presumably asymptomatic patients we have proposed the au-
tomation of reading of the radiographs...”.

These roles are more important in a screening programme than in the context of a
clinic for symptomatic women, since it is well known that humans performing routine
inspections of mostly normal images perform poorly after a short period of time.

The roles in the list which seek to complement a radiologist will be possible for
the computer to perform within the forseeable future. The roles which seek to emu-
late a radiologist will not be possible for the computer to perform until there is real
understanding of what the radiologist is doing.

1.3 The case for model-based image enhancement

1.3.1 The need for care

The application of computer technology to mammography is safety-critical: the com-
puter algorithms must work perfectly; there is no room for error. This is especially true
with image enhancement where the computer is deemed to be “merely” enhancing the
image, and not offering an opinion; in this situation the radiokogist must assume the
computer is reliabje.

Any diagnostic error resulting from a radiologist’s use of a computer, however
minor, may have serious consequences for the woman involved. This could be psycho-
logical stress from having to be recalled unnecessarily, through to physical harm from
open surgical biopsy or, most seriously, missing a carcinoma. To put diagnostic error in
perspective: a wrong decision in just 1 case in every 10000 affects 300 women per year
in the UK. In cases where the radiologist has misdiagnosed using a computer, there
will clearly be legal implications for both the radiologist and perhaps the computer
programmer.

The present legal situation is one of the reasons for the high number of open surgical
biopsies finding benign disease: charges are only brought against a radiologist who
has been negligent through missing a cancer, and not against a radiologist who has
sent a woman for a biopsy which reveals benign disease. This situation will lead to the
design of computer algorithms so as to ensure no false negatives, with the possible risk
of high false positives.
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This thesis seeks to show that image enhancement is most reliably and robustly
achieved by using a model of the imaging process and degrading factors, rather than
through the use of unpredictable, ad-hoc methods.

1.3.2 Non-robustness of ad-hoc enhancement

Robustness of an enhancement algorithm describes the breadth of images to which the
algorithm can usefully be applied. Even the most general enhancement algorithms
have a range of images to which they can be applied usefully, and a range of images
to which application of the algorithm is pointless. Enhancement algorithms need to be
robust because to a radiologist the computer appears as a black box with buttons which
have generic names (eg. “edge sharpen”). Consequently, the radiologist is unlikely
to understand initially what the computer is doing and can only learn from lengthy
experience.

Consider conventional image enhancement techniques. Some of these are clearly
not applicable to mammographic images. Histogram equalisation is a particularly
good example, because not only do the histograms of mammographic images peak
in the pixel values which are not of interest to the radiologist, but the process takes
substantial time; time which the radiologist spends waiting for the results only to be
disappointed. Figure (1.1) shows an original image and figure (1.2) shows a histogram-
equalized version of the original after segmentation of the breast area from the film.

Stretching the histogram of an image to fill the entire dynamic range works by
finding the minimum and maximum pixel values in the image and stretching them out
to the minimum and maximum displayable. This kind of routine has disadvantages
in practice since mammographic images contain information reaching over the entire
range, and much of this information is useless for diagnoses. Better results can be
obtained if the breast area is segmented accurately from the irrelevant information, but
the stretching technique is still susceptible to noise.

13.3 Unreliability of ad-hoc image enhancement

Reliability iIs crudal in the image processing of mammograms, and yet many marketed
medical image processing systems use unpredictable generic functions such as “edge
enhancement”. Some edge enhancement is certainly reliable as there is smoothing in
most imaging systems, but over-enhancement of edges in mammographic images is
not:



Figure 1.2: Histogram-equalized version of the original mammographic image GMLI1,
shown in figure (1.1). The histogram was made from the pixel values within the breast
area only.
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Masses with blurred edges are malignant, but edge enhancement can change
these blurred edges into sharp edges indicative of benign disease.

» Calcifications are characterised by acute edges, and therefore their appearance
can be created through edge enhancing.

The shape of individual calcifications is used to differentiate benign from malig-
nant calcification and can be distorted by inappropriate enhancement

Ducts and some fibrous structures appear as rough linear structures in mammo-
graphic images. Edge or contrast enhancement can cause these structures to have
sharp edges, and thus the appearance of vessels.

Contrast and edge enhancement can be particularly dangerous since the image
they produce is often grossly similar to the original, and the radiologist wil therefore
use his/her normal pattern recognition techniques to look for normal signs which
might have been altered slightly. On the other hand, a radiographic technique such as
xeroradiography, which is renowned for its edge enhancement, produces images which
are substantially different from the original, and the radiologist is therefore alerted to
use different recognition techniques.

Performing image enhancement in the frequency domain is another technique ruled
out for mammographic images. Many mammographic signs are spatially loalized and
are not therefore localized in the frequency domain, making the application ¢f any kind
of band-pass filter unpredictable.

Of the conventional techniques, histogram-stretching would appear tobe one of
the most reliable, owing to its apparent simple function. However, two examples
show this is not so. Stretching techniques usually assume that it is a goodidea to fill
the entire range of pixel values (usually 0-255). Many terminal screens do not show
structures or contrast in low pixel values (typically 0-40). This means that ifpart of the
visible original image is mapped to the low pixel values, the structures in the original
disappear. Figure (1.3) shows a stretched image in which information has disappeared.

The second example of why stretching techniques are sometimes not advisable stems
from the fact that the biggest danger to diagnosis comnes from greatest “enhancement”.
Consider a flat image, with very low dynamic range. Enhancement to produce an
image with wide dynamic range will necessarily amplify changes, possibly out of all
proportion. Consider a breast image with an absolute range of pixel values of 50.
Stretching this image to fill a range of pixel values from 0 to 250 requires stretching the
pixel value range by a factor of 5. Consequently, two pixels with a difference of only 1
pixel value in the original image {quite possibly due to noise) have a difference of 5 in
the stretched version, and this difference might be perceivable.
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Figure 1.3: This is a linear stretched version of image GMLI in figure (1.1}. The
minimum and maximum pixel values In the original breast image were stretched to 0
and 255. The information in the darker pixel values has been lost, because they have
been mapped to pixel values which appear black on the terminal screen.

Of course, with the use of all these techniques the radiologist still has the original
image to check, but needing to do this shows a lack of trust in the enhancement. Having
to consistently check the original images also reduces the radiologist’s willingness to
use the system, as he/she wastes time waiting for enhancement only to have to go back
to the original

Whatever technique may be used, it is important to remember that radiologists
usually view mammograms in pairs: left and right mammograms are scrutinized for
asymmetry, mammograms from different views are used to check signs; mammograms
taken over time have signs compared. It Is therefore of the greatest importance that
enhancerment of the images in each pair s in some way similar.
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1.3.4 Analysis of enhancement

Ad-hoc enhancement techniques might be deemed reliable if it were possible toanalyse
exactly what they were doing in terms of the viewer’s perception, but in many cases
this is not possible. Common methods of analysing enhancement use Fourieranalysis,
entropy, histogram analysis, contrast measures, and image subtraction. Whilst useful,
none of these measures can provide a full assessment.

The power spectrum might show the frequency enhancement given by an algo-
rithm, but when the signs are spatially localized this is difficult to interpret. Histogram
analysis and entropy measures both show the spread of the pixel values overthe avail-
able grey scale, but as has been illustrated this is not a good measure of mammographic
image enhancement. Subtracting the enhanced image from the original shows gross
differences, but the resultant image has to be displayed, and often requires a transfor-
mation in order to be visible. This transformation inevitably amplifies the differences
between the two images, possibly out of all proportion to the perceived differences.

Physicists often use a measure of contrast to analyse the quality of a radiographic
image. However, contrast is invariably studied in terms of a srnall bright object upon
a darker background, and in this situation accurate contrast measures are known. For
images packed with information, such as mammograms, contrast measures can only be
guessed at and are therefore not suitable for analysis of enhancement in a safety—critical
application.

Another way of assessing image enhancement is to performa clinical test comparing
the resuits of diagnoses from conventional mammographic images to the results from
diagnosing from enhanced mammeographicimages. Whilst this kind of testis necessary,
it is expensive and needs careful selection of the test population.

1.4 Model-based image enhancement

1.4.1 Introduction

Reliable and robust image enhancement algorithms can be derived froma model of the
imaging process and degrading factors. The robustness of such an algorithm comes
from degrading effects being present in all imaging systems. The reliability of model-
based algorithms comes from knowing in practice what should happen, and from
choosing thresholds and variables from the physics of the system.

A model-based approach to algorithm design allows explanation to the radiologist,
or radiographer, of what the computer is doing to the image in terms which they can



understard. This ability to explain is vital to building up the trust and confidence of
the clinicians in the system. The potential benefits of model-based work can be judged
by asking the clinician: “If this were possible to do in practice would it improve the
image, and would it help diagnosis?”.

The model-based approach is particularly appropriate in mammography because
the imaging process is highly complex and there are many factors which degrade the
image. Although the complexity of the process also necessitates that the model is only
ap proximate.

Modeling the imaging process with a view to enhancement is only worthwhile if
it is possible to obtain quantitative values from the digitized images. This requires
that the digitized mammograms are of an exceptionally high quality, and that various
stages of the imaging process are suitably calibrated.

This thesis develops a model of the mamumographic process which is applicable
to digital images. The model is different from conventional mammographic models
because t has to take into account geometry and spatlally varying factors, as well as
use calibration to overcome film processing variations. Further to the overali model,
a detailed model is proposed for the key degrading factor: scattered radiation. With
the complete model, significant image enhancement is achieved in a fashion which is
robust, reliable and can be explained to a radiologist. Some of the results and ideas in
this thesis have previously been presented by us in [44], [45], [46), [47], [48], [49].

14.2 The model
Mammographic imaging process

Figure (1.4) is a schematic representation of the components of a screen-film mam-
mographic system. When a mammogram is performed, a beam of low energy x-ray
photons is directed towards a compressed breast. This beam is filtered to remove the
low energy photons and collimated to the area of interest. The intensity of the beam
exiting the breast is related to the thickness and type of tissue which attenuates the
photons. On the basis of the x-ray attenuation coefficients we model the breast as
consisting of mainly fat and “interesting” tissue {fibrous, glandular, cancerous), with
caldum sometimes present. The x-ray photons leaving the breast have to pass through
an anti-scatter grid before reaching a phosphorous intensifying screen. If the x-ray pho-
ton is absorbed in the screen, light photons are emitted by the phosphor and these light
photons expose a film which is processed to produce a mammogram. The exposure to
the breast is stopped once an automatic exposure control, positioned under a section
of the breast, has received a set exposure.
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Figure 1.4: Schematic representation of mammographic system.

This description of the mammographic imaging process is highly simplified and
omits mention of a number of factors which significantly degrade the mammogram.
These factors include: scattered radiation, “beam hardening”, and sometimes poor
exposure due to the automatic exposure control being inappropriately loated. A
number of additional factors make it difficult to analyse mammograms quantitatively.
These include varying processing results when developing films (which might also be
called a degrading factor), system geometry, and the “anode heel effect”.

Although mammography will become digital in thenot too distant future, the model
as described will still be relevant because some of the same degrading factors will be
present. Furthermore, there will be a large number of old films which will require
digitizing.

Varying processing results

To obtain quantitative values from the mammographic images the film processing stage
must be calibrated. This we have achleved by performing an exposure of a lucite step
wedge shortly before the actual mammogram is performed and processed. Theoriginal
image can then be transformed to an image representing the relative energy imparted
to the intensifying screen over an area corresponding to a pixel. Figure (1.5) shows the



Figure 1.5: The energy imparted image of the original shown in figure (1.1). This image
represents the energy which must have been imparted to the intensifying screen over
each pixel to give the original image. The area outside of the breast image has been
kept dark, it is in fact exposed to the full incident radiation and should therefore be
bright white.

relative energy imparted image which corresponds to the otiginal image in figure (1.1).

Anode heel effect and diverging x-ray beam

The anode heel effect and diverging x-ray beam cause the intensity of the incident
radiation to vary spatially across the breast. The reduction in incident intensity can be
as great as 25% from the back of the film towards the nipple. This variation is usually
accepted on the assumption that the breast is less thick and less dense towards the
nipple and therefore a reduction in the incident intensity gives a more even contrast
in the film The incident intensity variation can be seen, and cornpensated for, by
performing a low exposure mammogram with no object present.
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Scattered radiation

As the x-ray photons travel through the breast they can pass through the tissues freely,
be absorbed, or be scattered. The x-ray photons which pass freely throughthe breast
constitute the primary signal, and this contains specific information about the x-ray
attenuating properties of the breast tissue. However, scattered photons also cause
exposure to the filmn, and in this case the signal does not contain useful information.
The effect of scattered radiation on the final image is often described as causing an
overall fog. We consider scatter to be the key degrading factor in mammography, and
present two models of it.

Scatter is initially modeled as being a uniform flood of radiation across the image,
after the image has been compensated for the spatially varying incident radiation
intensity. This assumption corresponds to the energy component imparted to the
intensifying screen attributable to scatter being constant. From this the difference in
the primary energy component can be calculated between any two pixels, and this
difference transformned back to an image of a similar style as a mammographic image.
The back transformation requires the choice of an offset value, which is set to optimize
the dynamic range of the final image. Figure (1.6) shows the result of removing a
constant energy component from the image in figure (1.1). This model is shown to
enhance mammographic images with certain well-defined properties. However, it
does not require an estimation of the scatter component and this is necessary for the
model to be extended.

The second scatter model is based upon a conjectured relationship between the
scatter component at the centre of a neighbourhood and the energy imparted in the
neighbourhood. The percentage of the total number of scattered photons reaching the
centre from each location within the neighbourhood, when an anti-scatter grid is not
used, is found for a homogeneous block of tissue from empirical data. Application
of grid transmission formulae provides the percentages for when a grid is used. This
process provides a weighting mask where each entry represents the percentage of
scattered photons coming from the volume of tissue directly above the pixel. This
weighting mask is then convolved with the energy imparted image to give a value
used as input to a scatter function which outputs the relative scatter component. In
effect, the convolution sumis a quantitative measure of the local tissue composition and
placement. The scatter function is found by using measured breast thickness, breast
exposure in mAs and three calibration values. There is one further complication and
this is the extra-focal radiation and breast edge effects which cause a large increase in
the scatter component at the breast edge. This is modeled by selecting a value of the
energy imparted for when the mask falls outside of the breast area and on the film.

Once the scatter component has been calculated it can be subtracted from the original



Figure 1.6: The result of removing a constant scatter component from the image in
figure (1.1). The removal requires the use of an offset which is set to give an optimal
dynamic range.

energy imparted to give the primary component It is then necessary to display the
primary component in a form suitable for a radiologist The found primary component
cannot be used to expose a film directly because it is too small to create a visible image.
The approach taken in this thesis is to model the automatic exposure control. An
original image is shown in figure (1.7) and the result from the weighted scatter model
is shown in figure (1.8).

Beam hardening

Despite filtering, the x-ray beam is still basically polyenergetic. As the photons travel
through the breast, the lower energy photons are attenuated and the average photon
energy rises; this is termed “beam hardening”. The consequence of this is a loss of
contrast in dense areas of the breast as compared to fatty areas. To model a mammo-
graphic examination with a monoenergetic beam requires the remowval of the scattered



Figure 1.8: The result of removing a weighted scatter component from the image in
figure (1.7). After removal, an automatic exposure control model is used to create a
visible image.
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Figure 1.9: The result of performing a monoenergetic theoretical examination after
scatter removal on the image in figure (1.7). The photon energy in the simulation was
19keV.

componentand quantitative measures of the breast The quantitative measure which
is used is the thickness of interesting tissue which must be present to give the observed
attenuation Once this measure has been calculated, a monoenergetic examination with
a theoretical automatic exposure control is used to produce a mammographic style im-
age. The choice of photon energy for this examination is important as it determines the
contrast in the final image. Figure (1.9) shows the result of performing a monoenergetic
examination after weighted scatter removal. The choice of photon energy in practice is
restricted by dose and noise considerations, which can be ignored in theoretical work
aiming at image enhancement.

Automatic exposure control

The automatic exposure control can be modeled as a unit which terminates the exposure
once a certain average film density has been reached in the area of interest on the film.
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In reality the automatic exposure control is set to terminate the exposure oncea certain
energy has been imparted to it.

The automatic ex posure control, while necessary, can give poor images because of
early termination of exposure due to a number of reasons, including inappropriate
positioning. Figure (1.10) shows an original image which is under-exposed due to the
automatic exposure control lying under the fatty tissue near the back of the breast,
rather than under the dense tissue nearer the front. Figure (1.11) shows the same image
with the breast re-exposed theoretically to give a darker image.

1.43 Checking the model

Due to the number of approximations and assumptions that have to be madein model-
ing, it is important that the results are checked against experimental data. Theresults in
this thesis are checked by comparison with published empirical data, and by studying
the thicknesses of interesting tissue calculated.

1.5 Breast compression

The benefits of breast compression in mammography are well known: reduction of mo-
tion artifacts by immobilizing the breast; reduction of geometric blur; reduction of film
density range through more uniform breast thickness; reduction of scattered radiation;
improved separation of tissue structures through increased projected area; dose reduc-
tion. Since breast compression is an integral and varying part of the mammographic
process we became concerned about the reliability of image analysis routines when
faced with mammographic images taken at varying compressions. This reliability is
important when the mammograms are performed by different radiographers, as the
degree of compression is not standardized.

To investigate, we initlally tried to predict the changes which would occur in the
mammogram with different breast compressions. However, this proved to be difficult
and totally dependent on the specific tissues within each breast This led tothe idea of
performing mammeography at different breast compressions in order to tryand deter-
mine the hardness and mobility of the breast tissues from the change in mammographic
appearance and position. Figure (1.12) shows a mammogram of a breast compressed
to a thickness of 5.15am, and figure (1.13) shows a mammogram of the same breast
compressed to 5.8cm. These mammograms were obtained as part of a clinical trjal at
the Churchill Hospital in Oxford, which is trying to ascertain if diagnostic accuracy can
be increased by considering the physical properties of the breast tissue attainable by
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Figure 1.10: An original mammographic image. The automatic exposure control lies
beneath the fatty tissue at the back of the breast and the image is therefore under-

exposed.

Figure 1.11: The automatic exposure control has been set to give a higher exposure
in a theoretical study to the breast in figure (1.10). It could equally have been moved
forward to go underneath the dense tissue.
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taking mammograms at different compressions.

1.6 Overview of thesis

This introduction has explained the reasons why we believe a model-based approach
is viable and vital in the enhancement of mammographic images. Chapter 2 discusses
the approach in relation to the computer-aided mammography problems which have
been identified and tackled by other researchers. This critical literature survey stresses
the importance of considering how the images were formed, and notes the potential
shortcomings of previous work.

Chapter 3 presents the model that we have developed for the analogue mam-
mographic imaging process, and states the assumptions and approximations which
inevitably have to be made. This chapter explains the degrading effects which are
present in mammography. The next chapter transfers the model to the digital domain,
and presents the fundamentals of applying image processing to mammography, includ-
ing digitization, an automatic exposure control model and compensating the images
for the spatially varying incident radiation intensity. With the overall model explained,
chapter 5 proposes two models of scattered radiation, and shows the enhancement pos-
sible using them. This chapter ends with a theoretical simulation of a monoenergetic
examination, and discussion of the perfect examination in terms of photon energy and
information seen. Figure (1.14) shows the connections between chapters 34 and 5 in
relation to simulating a scatter-free monoenergetic mammographic examination,

The idea of performing mammeograms at different breast compressions is explored
in chapter 6, and initial results of a clinical trial are presented. This chapter inchudes a
review of published work on breast compression, and a discussion of breast anatomy.
We believe such a discussion is vital because too often mammograms are considered
independently of the three dimensional object they represent. Included in this chapter
is discussion of the imaging effects of changing breast compression.

Chapter 7 shows in detail the enhancement achieved by the model-based algorithms
developed in the thesis on several specific mammographic features, and also shows
the samne features with full and slightly less compression of the breast. The conclusions
and possibilities for future work are found in chapter 8.

The appendices contain: (A) a glossary of medical terms; (B) details of the processes
by which an x-ray photon is attenuated; (C) a review of the difficult task facing a radi-
ologist when he/she diagnoses from mammograms; (D) a discussion about digitizing
mammograms using a CCD camera; (E) details of the calibration of the x-ray systemn.



Figure 1.12: A photograph of a mammeogram performed with breast ASR compressed
to a uniform thickness of 5.15cm.

Figure 1.13: A photograph of a mammogram performed with breast ASR compressed
to a uniform thickness of 5.8amn. There are obvious changes between this mammogram
and the one performed with more compression (figure 1.12). In particular, the dense
area in the bottomright of the photograph is seen to spread out with more compression.
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Figure 1.14: This is the process by which a mammographic image is transformed to
show the image which would have appeared had a monoenergetic x-ray beam be
used. The labeling between the boxes shows the chapter where the relevant ideas are
developed. The simulation starts by removing the imaging parameters and scatter to
give a quantitative measure of the breast tissue which is then transformed back as if a
monoenergetic beam were used.



Computer-Aided Mammography

2.1 Introduction

Many papers have been published on the computer analysis of mammographic images,
and several on their enhancement. The problems which these papers address can be
categorized under the following headings:

» Noise

¢ Gain

¢ Segmentation of the breast image from pectoral muscle and background
¢ Registration and matching of breast images

e Detection of masses

o Classification of masses

¢ Detection of possible calcifications

o Classification of possible calcifications

o Evaluation of the parenchymal pattern

¢ Image enthancement
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This chapter explains in detail each of these problems, and surveys the past attempts
at solving them It aims to show the applicability of a model-based approach, and the
importance of our work to each specific problermn.

Although the problems have been tackled in more than one way, comparing the
results of different papers is difficult, if not impossible. This is because of differences
not only in digitization but also in recording methods and the x-ray systemsused. For
example, the work reported in one paper might have been carried out on noiser images
than in another, and thus records more false alarms when detecting caldfications;
another might have images of far better resolution and thus be able to use the shape
of the calcifications more reliably in the classification stage. Comparing recent results
with papers written before 1980 is even more difficult, since the pre-1980 work was
conducted either on xeromammograms or film-screen mammograms taken without an
anti-scatter grid.

2.2 Noise

There are two types of noise in mammographic images: film noise and digitizer noise.
Film noise is due mainly to the limited number of x-ray quanta, film granularity and
random inhomogeneities in the intensifying screen. The number of x-ray quanta can
be increased by using a greater exposure, but this increases the radiation dose to the
breast. The size of radiation dose is linked to the risk of inducing cancer. In ascreening
programine, the risk of inducing cancer must be kept to a minimum, and therefore a
compromise between film noise and radiation dose must be struck {51].

Some research has been done on noise suppression in mammographic images. Much
of this work has appeared in papers dealing with the detection of calcifications; both
noise and calcifications have high spatial frequency, and noise might therefore assume
the same appearance as a calcification.

Conventional noise suppression techniques have been applied to mammographic
images. Chan et al [14] looked for noise as being out-of-place in a neighbourhood and
used the mean and standard deviation of the neighbourhood to try and detect it. Lai
et al. {62], in a paper detecting masses rather than calcifications, tried median filtering,
selective averaging and selective median filtering. Most researchers have tended to
avoid this kind of technique because of the smoothing with which it is associated and
thus the risk of removing calcifications.

The high spatial frequency of noise argues for noise removal in the frequency do-
main. Chan etal. [16] claimed that noise is of a higher frequency than calcifications, and
backed this up by studying the power spectrum of calcifications with the background
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removed manually. On the basis of this study they applied a band-pass filter to remove
the noise, and later derived a box-rim filter [15] to use in the spatial domain. Dhawan
etal. [24] adopted a similar view of noise and applied a contrast enhancement function
chosen to avoid high frequency noise amplification.

Since noise is typically of a high spatial frequency and randomly distributed across
an image, a lower area bound on the proposed calcifications can be set [14], [15], {16],
[23], [28],[106]. The digitization resolution is crucial because the lower area bound has
to be small enough to pick-up the smallest calcifications, although there is a trade-off
between noise and resolution.

Noise is extremely unlikely to be spatially localized, unlike most clusters of ma-
lignant calcifications, and so a lower bound on the number of calcification particles
within a certain locality is a powerful noise suppression measure. The bound has to be
chosen carefully and the calcification detection scheme has to be good, since noise is
quite likely to produce a number of candidate particles within a certain area.

In their paper dealing with extraction and measurement of lesion edge blur, Richter
and Claridge [81] [82] take the original step of converting from cartesian to polar
coordinates in order to smooth the image tangentially so that the profile of the lesion
in the radial direction is preserved.

Karssemeijer et al. (58] use the underlying physics of noise, both radiographic and
digital, to work out a grey-level transform that makes the absolute noise level constant
across their CCD images. Their transform is reperted to lead to more reliable analysis
when thresholds are applied to measures cakulated locally.

We believe that conventional noise suppression techniques based in either the spa-
tial or the frequency domain are doomed to failure for mammographic images due
to the necessity of not smoothing the image and the localised nature of calcifications.
However, the techniques specific to digital mammography provide solid ground for
noise suppression, although the values for the bounds (especially the size of calcifica-
tion) have to be carefully chosen in order to take account of changes in geometry, and,
as we show in chapter 6, changes in the degree of breast compression.

The work of Karssemeijer et al. [58] provides a good example of a model-based
approach producing a novel method. Furthermore, as the authors recognise, noise
removalis not necessary for thresholding local measures if the absolute noise level can
be made constant. It is interesting to note that whilst their method serves its purpose
for image analysis, it does not necessarily enhance the image to the viewer.
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2.3 Gain

Many different factors influence the level of the pixel values and contrast in mammo-
graphic images. These factors range from the type of film, processing and exposure to
the degree of breast compression and method of digitization. These influences mean
that mammographic images cannot be assumed to have any particular distribution
or range of pixel values. This inevitably rules out using the given pixel values, for
example as thresholds, or for direct comparison between images.

Some authors have tackled the gain problem in the conventional ways: thresholds
are set from histograms [1], [14], [43], [62], [106]; ratios are used [1], [28], [94]; some
form of image normalization takes place [59], [62].

A mammography-specific way of overcoming gain is to try and use the symmetry
between left and right mammograms noted by radiologists [43], [59]. However, whilst
possibly removing the effects of different processing conditions, the problem of gain
still exists as witnessed by the differences in exposure and breast thickness between left
and right breasts. In any case, symmetry is much more qualitative than can be dealt
with by simple subtraction between left and right breast images.

Texture measures are particularly susceptible to gain, and texture analysis has been
applied to mammographic images to try and describe the global pattern of the breast
image. Miller and Astiey [68] normalize their texture measures, whilst Magnin et al.
[66] choose texture measures that depend less on the imaging system rather than run
the risk of removing important inter-mammogram variations by normalization in an
ad-hoc fashion. Caldwell et al. [8] add ress this issue by showing that the algorithm they
propose to compute fractal dimension is robust to changes in the recording system.

The variations in system gain due to different exposures, film processing condi-
tions, and digitization can be removed using the underlying physics; it is the variation
of breast thickness which is the major problem. It might be best to transform each
mammographic image to some standard breast thickness and exposure; this can be per-
formed with the model developed in this thesis. However, any relationship between
spatial dimensions and feature brightness might be lost. This is discussed further in
section (8.2.11).
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2.4 Segmentation of breast image from pectoral
muscle and background

The breast needs to be segmented from the pectoral muscle and blank film area for
several reasons: it reduces the area of the image to be examined; it facilitates registra-
tion of left and right breast images; and it allows different analysis and enhancement
algorithms to be applied to the segmented areas.

The image segmentation required depends upon the mammographic view. Mam-
mographic images taken from either the cranio-caudal, medio-lateral or medio-lateral
oblique view need to have the breast image segmented from the film image, and pos-
sibly also the chest wall image. Medio-lateral oblique mammographic images also
require that the breast image be segmented from the pectoral muscle image. Accurate
segmentation is vital in applications which require minimum or maximum values from
the breast area, or which make assumptions only valid within certain areas.

Segmenting the breast image from the film is difficult for images taken by some CCD
cameras. In these images, the breast edge tends to merge smoothly into the background.
Segmenting the breast image from the film becomes trivial when the mammograms
are digitized with a high quality scanner, although there will be curtailing of the breast
edge as most scanners cannot pick up the full dynamic range of the mammographic
images.

To segment the breast from the film and chest wall on xeromammograms, Kimme
et al. [59] used a ridge foliowing algorithm. Hand et al [43] made this process more
robust by using candidate cells and choosing the best when conflicts arose, aithough
they reported exclusion of 2 small lesions from the breast image. Sernmlow et al. {87] in
a follow-on from this work reverted to finding the chest wall boundary from the image
placement. They used a nipple detection filter to gauge some idea of the breast/film
boundary. This filter was sensitive to concave shapes characterized by large vertical
gradients with rough textures on one side and smooth textures on the other.

The pectoral muscle appears in a medio-lateral mammographic image as a bright
wide band slanted across one cormer of the image. Detecting the slanted line between
the muscle image and breast image is reported to be problematic even with high
quality digital images, although Miller and Astley [68] report some success using a
Hough transform.
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2.5 Registration and matching of breast images

Left and right breast images need to be registered and matched to check for asymmetry,
normalise the image values, and detect change over time. Registration and matching of
the images are interlinked because registration might require scaling, and this cannot
be done without consideration of how the matching is to be performed.

Registration of breast images is difficult because of differences in shape, size and
relative position. These differences arise from the leftand right breasts being physically
different and the degree of compression changing. Matching of the breast images is
difficult, even after registration, because it is unclear what exactly should be compared
and this is compounded by the problem of gain. This suggests that qualitative matching
rather than quantitative matching should take place.

Registration of fixed rigid bodies within images takes place by the selection of
corresponding control points in each image, which are then aligned. This process is
much harder with mammographic images because scaling is required, and internat
control points cannot be used because one of the aims is to detect asymumetry.

The simplest approach to registration is to spatially reverse one of the images, and
to align left and right breast image boundaries as well as possible. This approach
ignores the possible differences in size and shape of the images, and just compensates
for differences in position. Hand et al. [43] aligned the breast boundaries by detecting
and aligning the nipple areas and then minimizing the least squares error between the
boundaries. To cater for alignment errors, they smoothed the differences between the
statistical feature values which they calculated. Winsberg et al. [107] and Giger et al.
[37] both align the images manually, and Giger et al. check later for false alarms due to
misalignment.

Noting that the left and right breast images are quite comunonly different in shape,
size and relative position, Kimme et al. [59] assumed that each section of the breast
image would, if normal, match a similar section of the other breast image. They
enclosed each breast image within a triangle and divided the triangle into a specific
number of strips, which were further divided into a specific number of rectangles.
Statistical feature values in correspondingly numbered rectangles were then compared.

More recently, Zhou and Gordon [111} perform a geometric unwarping operation
based on the manual input of control points from the left and right mammographic
images. The operation is reported to be time consuming and the control-point extraction
not easy to automate. Lau and Bischof [65] simplified and automated the process by
using only three control points in each breast image. The control points were the
nipple and the corner points between the breast edge and chest wall. Using these
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control points, one breast image is rotated, translated and scaled to register with the
other.

The problem of matching left and right breast images to determine asymmetry is ill-
defined. Whilst translation and rotation are grey-level preserving operations, scaling
is not, and the benefits, if any, of trying to register the images accurately with scaling
are unclear. The only reason to use scaling would be that statistical feature values
calculated over the same size areas could be compared directly between breast images.
Since scaling is only necessary to make one breast image cover the other, the region not
being covered without scaling is the boundary region, which is generally uninteresting
except for the possibility of skin thickening. In our opinion it might be far better to
do a fast, approximate alignment and then compare features in a qualitative fashion,
or to take the approach of Miller and Astley [68] to detect regions of interest and then
compare these regions.

The problem of registration and matching of mammeographic images is important
not just for asymmetry and normalization, but also because of the possibility of using
the same technique to find change in an individual breast image over time; a task which
has been given no attention from the computing community but which clinicians always
do. Registration and matching over time might not be easier than comparing left and
right breast images because the degree of breast compression might not be the same.

Although asymumetry between left and right breast images is often quoted as an
important sign in diagnosing breast cancer, it should be noted that radiologists are able
to diagnose from just one mammeogram. This situation arises with women who have
had one mastectomy.

2.6 Detection of masses

The usual approach to the detection of malignant masses is first to detect potential
sites and check for false alarms, and then to classify the sites into malignant mass or
benign mass. The computer literature on mass detection contains many references
to asymmetry [65], and the use of values from both left and right breast images. We
consider theactual measures and motlvation to be important, rather than theuse of data
from both breasts images which we believe might be detrimental d ue to the alignment
and gain problems discussed previously.

The range of masses which it is required to detect is wide. At one end, it covers
those that are characteristically benign with rounded appearance and sharp edges,
through at the other end to characteristically malignant with a small, bright central
regionand bright linear structures radiating outwards (spicules). In between these two
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extremes there are masses which have a mixture of benign/malignant characteristics.
For example, one type of malignant mass has a well-defined edge around most of its
border, but has an ill-defined edge occupying the remainder.

A classical approach to general mass detection would be to apply anedge detector
and then to join the edges seeking closed areas. This approach is not appropriate for
mammographic images because the edges of interest often have more in wmmon with
ramp edges than step edges. This is illustrated by considering an invasive tumour
which js slowly growing into the surrounding tissues.

Most radiologists when describing a mass refer to an “area of increased density”.
In terms of the mammographic image this is an area of increased brightness, and since
brightness is easy to measure it is a popular mass detection measure [43], [59], [65],
[107]. However, brightness can be misleading as often the mass is only as bright as
the surrounding tissues. Most researchers combine a number of measures, including
brightness, into an overall measure of suspiciousness or activity.

Many researchers use roughness in a local area as a measure for detecting masses.
Roughness is dependent upon the type of examination performed. Xeromammograms
tend to be a good deal rougher and appear to have more contrast than screen-film
mammograms {due to their high-pass nature). Consequently, spicules and increased
ducting in xeromammograms respond well to roughness measures [59]. Other re-
searchers have used roughness as an indicator of activity [43], (87, [107]. For screen-
film mammographic images, Lau and Bischof [65), use a normalized local variance
measure to indicate roughness due to the structure of stellate lesions, or the presence
of well-defined edges.

Due to the ambiguous evidence being provided by their brightness and rough-
ness measures for large homogeneous masses, Lau and Bischof [65] used a combined
brightness- roughness measure. This measure provided different values for the various
tissues: fatty tissue has a low brightness-roughness measure since it has low brightness
and low roughness; glandular tissue has a low brightness-roughness measure since
it has medium-high brightness and often high roughness; large masses have a high
brightness-roughness measure since they are always bright and have a low roughness
value.

Masses tend to be rotationally symmetric, so that a local measure of rotational sym-
metry might be a suitable mass detector [34]. General rotational symmetry measures
have the advantage of a purely asymmetric approach in not needing to define precisely
(at least initially) what to look for. The lack of directionality in masses is exploited by
Lau and Bischof [65] to remove false alarms due to highly oriented structures such as
vessels.
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Ina classicalapproach to circumscribed mass detection, Laietal. {62 Jused a template
matching technique based on the assumption that circumscribed lesions are circular,
uniformand brighter than the surrounding area. They tried templates of various sizes
which were high-pass and approximately rotationally symmetric:
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If a mass is at all visible, some neighbourhood containing it will have a bimodal dis-
tribution. Kimme et al [59] use the difference in bi-modal peaks over a neighbourhocd
as a detection measure, whilst Lai et al. {62] use bi-modality as a false alarm check on
the masses proposed by their template matching,.

The key to many of these detection measures is the choice of neighbourhood size.
The neighbourhood size will vary according to the size of the mass being searched for.
1f the neighbourhood size is too small, then it will probably not be able to contain large
masses, and thus record false-negatives. If the neighbourhood size is too large, small
masses will have little effect on the measures and consequently be missed. Therange of
sizes of features within mammographic images indicates that parameterized features
will be required.

The need to search mammographic images for small difficult lesions tends to hide
the problem of looking for larger lesions. The variance in leslon size is one of the major
difficulties to be faced in the detection of masses, and it is vital that the radiologist
does not see the computer missing obvious large lesions, even if the small lesions are
detected.

The idea of using more than one detection measure (or cue) is appealing, but as
pointed out by Lau and Bischof [65], the more measures which are used, the more likely
it is that unwanted structures will respond to at least one of them, and consequently
more false positives will be recorded. This is especially true if the measures have not
been well thought out.

The detection of masses is still in its infancy compared to microcalcifications and
this reflects how much more difficult it is. The reason for this difficulty is the number
of similar patterns which can occur due to normal tissue, and the fact that masses have
approximately the same x-ray attenuation coefficients as fibrous and glandular tissue.
Better results might be obtained from the mass detection stage if the features which are
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obviously not masses are removed before processing.

2.7 Classification of masses

One of the most common signs reported by radiologists to distinguish between benign
and malignant masses is the lesion edge blur: benign masses tend to be well-defined
and have sharp edges, while malignant masses tend to have blurry edges. Laiet al. [62]
tested for a blurred edge by checking for a gradual drop in their suspiciousness values
as the size of their detection template increased. Richter and Claridge [81](82] try to
derive quantitative measures of lesion blur in order to provide an objective measure.
Edge blur is quantified by considering the Gaussian smoothing needed to make an
ideal sharp edge into the recorded edge (similar to the idea used in auto-focus control).
Fredfeldt et al. [34] apply the Sobe] operator and then performa binary morphological
closing operation; the mass is considered suspicious if a complete boundary does not
result.

Spiculations give a malignant mass an irregular, rough boundary. Consequently,
checking the smoothness of the boundary of the suspicious mass is a common classifi-
cation technique. Giger et al. {37] used two measures of this smoothness. Firstly, they
smoothed the spatial coordinates of the boundary and calculated the standard devia-
tion of the fluctuation of the original boundary from this smoothed version, and then
they smoothed the boundary using binary morphology and studied the areachange.
Ackerman et al. (1] rather than checking for boundary roughness, checked specifically
for spiculations by studying the relationship between radials from the centre of the
mass and tangents at the boundary. Similarly, Hand et al. [43] check for gradients
parallel or perpendicular to radials. Determining the presence of spicules is difficult
because any smoothing (to find the mass boundary for example) will tend to remove
them. Furthermore, spicules are often long and very thin so that any technique based
on area differences may not be able to reliably differentiate between spicule removal
and general reduction in mass size.

Benign masses tend to appear more circular than malignant masses on mammo-
grams. Ackerman et al. [1] calculated the area to perimeter ratio of the suspect masses
to try and quantify the circularity, whereas Fredfeldt et al. [34] calculate the ratioof the
circumference of the tumour to the circumference of the circle with the same area.

The ap parent homogeniety of the appearance of benign masses compared to malig-
nant masses was measured by calculating the roughness within the part of the image
containing the mass by Ackerman et al. [1].

The extra brightness of some tumours would appear to be why the work of Smith
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et al [94] was reportedly so successful. They subtracted the filn densities within the
suspect mmass from a linear approximation to the normal breast densities, and formed
the “linear mass ratio”: the ratio of the area of the circumscribing rectangle to the
actual area found. This worked perfectly in differentiating adenocarcinomas (a type
of malignant mass) from masses caused by fibrocystic disease. However, the authors
were not confident of extending this work to cover other masses, and indeed were not
sure why their method worked anyway (“the apparent success of the linear mass ratio
is elusive”).

The problem with much of this mass classification work is that no account is made
for the imaging conditions and it is therefore highly unlikely that a particular statistic
will correlate reliably with malignancy. In particular, the lesion edge blur is affected
by scattered radiation, incident exposure, beam hardening, intensifying screen quality,
focal spot size and breast compression. Only by keeping these factors constant can any
reliable objective values be obtained, and that requires not only modeling the imaging
process, but also taking account of breast compression.

28 Detection of possible calcifications

Calcification can be a sign of both benign and malignant disease. In some cases,
caldification is the only indicator of cancer; often whilst the cancer is still non-palpable.
For this reason, calcification is considered to be one of the key mammographic signs,
especially with regards to screening which aims to pick up non-palpable lesions.

Caldfications usually appear in a mammographic image as small flecks brighter
than the surrounding tissue due to the high x-ray attenuation properties of calcium.
Particles of calcification usually appear in clusters, with some individual particles being
as smallas 0.1mm. The small size and high contrast give the detection criteria. Once
all the possible calcifications have been detected, they are classified into malignant,
benign, or false alarm.

The most common technique in papers dealing with calcifications has been to assess
statistically the diagnostic value of a number of features using test cases, and then
to choose the best combination (i.e. most indicative of malignancy). The values for
the features usually come from computer calculation, but some researchers have the
radiologist entering the relevant answers [36] [78], the computer then being used purely
as a statistical correlation tool (a job suited to a neural net). As well as testing the
potential for a computer to detect and diagnose cancer, these papers are also testing the
notion that objective measures will be more consistent than subjective measures, and
there should be feedback to the medical community from their results.
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Due to the difficulties in picking out individual calcifications, many authors attempt
to enhance them before analysis. Wee et al. [106] sharpened their images whilst Fox
etal. [32] applied a matched filter to remove the background and enhance edges. The
attempts by Chan et al. [16] for calcification detection have been centred on enhancing
the signal, suppressing the signal, and then thresholding the difference. They enhanced
the image using a filter matched to a typical calcification, and suppressed the signal
using various different filters: median, contrast-reversal, band-pass. In their next
papers [15] (17], they performed a detailed analysis of the imaging properties of the
calcifications, including investigation of the power spectra, and used the results to
derive more appropriate filters.

The high local contrast of calcifications is the key detection sign in most papers
whether found by use of a local threshoid, edge detector, local maximums, or a local
roughness measure (1], (23], [28]), [65], [97], [106). Chan et al. [14] also thresholded
the image globally to add an extra cakcification check, this was in the knowledge that
calcifications often appear as the brightest objects on the image (especially if the pectoral
muscle image is elther segmented or not present).

After initial detection, it appears that some algorithms do not pick-up the entire
calcification. Wee et al. [106] and Fox et al. [32] both trace their detected calcification
edges looking for a closed periphery, whilst Fam et al. {28] use region growing.

The main component in detecting possible caicifications is their relative brightness,
and yet this varies according to the imaging conditions and degree of compression
(as shown in section 7.2). It Is surely then imperative that the imaging process is
considered, as it is highly unlikely that an algorithm will be robust to a wide range of
imaging conditions even if local measures are used. In particular, the use of a global
threshold on locally calculated measures will be susceptible to spatial variations in the
imaging conditions such as from the anode heel effect. There might also be a case for
adjusting the thresholds according to the breast thickness under compression.

29 Classification of possible calcifications

It would appear to be relatively easy to detect all the possible calcifications within
an jmage, but to do so without creating a large number of false alarms is far more
tricky. The main causes of false alarms are noise and sharp-edged structures which
also respond to the detection measures. Fortunately, individual calcifications and
clusters of calcifications have a number of properties which can be used to differentiate
malignant caldification from benign calcification and false alarms [35], [36), [92), [93].
A cluster of calcifications should have numerous, fine and trregular particles if it is to
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be considered malignant; if it has few particles, or if the particles are circular or coarse,
then it is likely to be benign.

The shape and significance of a calcification particle is determined by the cavity in
which the particle is situated [101]): linear or branching calcifications tend to be in ducts
(which are linear structures) and are often malignant; round calcifications tend to be
in lobules (which are spherical structures) and are usually benign. Davies et al. [23]
take the ratio of perimeter to area as a shape parameter. Wee et al. [106] use a measure
based on the distance of the perimeter points from the centre. Fox et al. [32], as one of
some 69 values considered, used the aspect ratio. The shape of a calcification is likely
to be robust to breast compression; it is not expected that a linear particle can become
circular or vice-versa. However, shape is difficult to use as a differentiating measure
since the caicifications are so small that the digitizing process has to be extremely good
to get any reliable shape measurements.

Lobular calcification can also present with a hollow centre. Tabar and Dean [101],
in a paper extolling the virtues of determining the pathological processes which have
given riseto the calcification, explain the hollow appearance as calcium settling around
the sides of a lobule. Hollowness was one of the measures calculated by Wee et al.
[106].

The easiest check on the validity of an individual cakification is size, in terms of
both area and linear dimensions. False alarms tend to be due to large well-defined
narrow objects (such as vessels) and since calcifications are small an upper bound on
size is a suitable classifier [14], [15], [16], [17], [23], [28], [29], [106]. Similarly, noise is
suppressed by only considering structures over a certain size. Again, to get reliable
measurements requires exceptional digitization.

Individual calcifications are expected to have relatively well-defined edges due to
their high x-ray attenuation. Davies et al. [23] calculate the ratio of perimeter squared
to area in the bellef that blurry edges will provide larger areas and thus a low ratio.
They also apply a simple edge detector, as do Fam et al. [28], [29]. In a later chapter,
we show how the acuteness of the edges of calcification particles changes with the
degree of breast compression: a mammogram of a breast firmly compressed shows
calcifications which are more blurred than in a mammogram of the same breast at less
compression. This result casts doubt on whether the acuteness of the calcification edge
is a refiable indicator of malignancy.

The local clustering of calcification provides more measures which can be used for
classification. Since noise is unlikely to be detected as a local cluster, and benign clusters
tend to have fewer particles, most researchers put a lower bound on the density of the
cluster [14], [15], [16], [17], [23], [28), [29], {106]. In the circumstances, it might also be
wise to check that there are not calcifications detected over the entire image.
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Karssemeijer {57] takes a unique approach to the detection of microcalcifications
by applying stochastic methods to their detection, and transforming the image prior
to processing to get a constant absolute noise level across the image. He claims that
detecting and then classifying is inadequate because unreliable detection messes up the
classification; this is the basis for his use of an iterative stochastic method with labels
propagated on the basis of local competition and cooperation. The labels are based on
local contrast and shape. Long-range information is also accommodated to include the
clustering criterion.

When mammographic images of the same breast from two different views are
available, a check can be made to see if the calcifications are detected in both views.
Spiesberger [97] assumes that the calcification pattern will correlate well between the
two views, and finds a second order polynomial transformation to maximize the cross-
correlation. The theory that calcifications should appear in both views is sound, but
the assumption that the patterns will correlate well is debatable.

The main result from work on calcifications is that computers can detectall possible
calcifications, but as yet an unacceptable number of false alarms are also being reported.
This is encouraging, and it was reported by Fam et al. [29] that their system found 4
calcification clusters which the radiologists had not.

This discussion has highlighted the measures used most frequently in the detec-
tion and evaluation of calcifications. However, other measures have been tried and
some of these have ylelded contradicting evidence. For example, Olson et al. [73]
and Freundlich et al. [35] both attempted to determine the average distance between
calcifications for malignant and benign disease. Olson et al [73] concluded that the
mean of the distance is greater for malignant disease, whereas Freundlich et al. [35]
concluded that the mean distance is less. We feel that this disagreement is symbolic
of the computational work so far, in that the potential for using the computer as an
objective measurer has been undermined by ignoring differences in breast compres-
sion and imaging conditions. As will be shown in the chapter on breast compression,
the distance between calcification particles changes with breast compression and is
therefore not a reliable measure.

210 Parenchymal pattern

A controversial sign of risk of breast cancer is the parenchymal pattern. Wolfe {108]
classifies the parenchymal pattern of the breast into 4 classes:

N1 : Breast almost exclusively fat and connective tissue trabeculae. Up to 10% of the
breast volume could contain dysplastic elements or visible ducts.
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P1 : 11-24% of breast volume is visible ducts.
P2 - Breast volume contains 25% or more visible ducts.

DY : Dysplastic changes involve more than 10% of the breast parenchyma. If both
visible ducts and dysplastic changes are present in the same breast, the woman is
classified by the dominant category.

A woman in class P2 or DY is claimed to be more at risk than N1 and P1, with various
probabilities.

The correlation between parenchymal pattern and risk is difficult to prove due to
the inter- and intra-observer differences when classifying the pattern. For this reason,
ways of making the computer an objective and consistent observer of parenchymal
patterns have been attempted.

Texture analysis is an obvious way to try and quantify the parenchymal pattern,
but is susceptible to gain. Magnin et al [66] chose not to normalise their texture values
for fear of removing the variations they were looking for. Instead, they chose texture
measures less dependent on the imaging conditions: entropy, inertia (or contrast) and
local homogeneity. They claim some correlation between their measures and risk, but
not in the four discrete classes of Wolfe.

The main criteria of the Wolfe classes is the prominence or otherwise of ducts.
Shadagopan et al. [89] attempted to find a figure for the duct area by using knowledge
of the breast anatomy: ducts radiate outward from the nipple, frequently in a plane
which is not parallel to that of a mammogram. They claim that the reason ducts are
seen ona mammogram is because the walls become surrounded by collagen; however,
the distribution of collagen is not uniform, and consequently neither is the apparent
ductal distribution. In addition, the ducts not only overlap each other but also other
collagen material, producing an irregular pattern. Thus they define ducts as being
ill-defined light ellipsiods embedded in dark areas, or as linear structures forming clear
elliptic spaces. They claim the range of ellipsoid shape and size is narrow. To detect
these ducts they segment the breast image, find the nipple and then apply ellipsoid
duct templates and from this calculate duct area. They report a continuous correlation
between duct area and breast cancer risk.

Considering the mammographic image as three dimensional, with intensity being
height, Caldwell et al. [8], [9] fitted a fractal dimension to each image. Apparently,
the fractal dimension correlates with risk, although it appears to be more continuous
than the four discrete classes which Wolfe proposed. Amongst uses for their method
they speculate on finding the fractal dimension of mammographic images taken at
intervals and using it to monitor risk, and using the fractal dimenslon of a baseline
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mammographic image with which to suggest appropriate screening frequencies. The
authors report only small change in the fractal dimension with different views of
the same breast and also found that left and right breast images gave similar values.
They showed that the fractal dimension has little variability with film processing, thus
indicating that the value might be robust to varying imaging conditions.

Using the computer to quantify parenchymal pattern is interesting and important
because the computer is being used as an objective observer for a task previously
criticized because of the subjectivity involved. The fact that the mentioned studies
have found some form of correlation between pattern and risk, when clinical trials
have failed to do so consistently, indicates the possible success of using the computer
as an objective observer. It is notable that this is the one area where the imaging process
and some of the possible variations have been considered.

211 Image enhancement

Image enhancement is an obvious goal in any field where small, subtle signs are
important, and the Images are of poor quality. Mammography is a particular case in
point, because although the images are of a high technical quality, they haveto record a
wide range of information (where the range is not known until after the mammogram
is performed) and they are degraded by several factors in the imaging process.

Of the papers published on image enhancement of mammographic images, all
make play of transforming film-screen mammographic images to xeromammogram-
like images. This is seen as being desirable because xeromammograms show fine
details and image calcifications with greater contrast, particularly in dense breasts.
The transformation is made possible by xeromammography having poorer resohution
than screen-film ma mmography.

Dhawan et al. [24], {25], [99], and Gordon and Rangayyan {38], [39] use adaptive
neighbourhoods to define contrast, apply a function to the contrast measure, and then
transform back. An adaptive neighbourhood is used to counter noise, rather than a
varying enhancement threshold, because mammographicimages have a wide gradient
range and so it is difficult to use a threshold which rules out noise.

The contrast enhancement function used in [39] was the square root (their contrast
measure gives numbsers from 0 to 1), in [24] they investigated several other functions
because the square root was found to enhance noise. The choice of function was
prespecified in [25] based on the specific feature which it was required to enhance.

The neighbourhood size was fixed in [24], [38], [39] according to the first maximum
of contrast with centre size; where contrast was defined using a central region and
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surround of a fixed shape. The authors report that the fixed shape of the neighbour-
hoods was a source of creation of artifacts. Consequently, in [25] they use a centre and
surround which could be of any shape.

Allthe papers claim significant image enhancement and note the enhancement is not
just of edges, but objects and features as well. In [39] the high frequency enhancement
was shown by comparing power spectra, in [24] grey level entropy is used to show that
their images better utilize the grey levels.

More recently, Tahoces et al [102] describe an automatic spatial filtering technique
which they use to enhance both chest radiographs and mammograms. They simply
smooth the original to varying degrees and then add back to the original before per-
forming a non-linear contrast stretch. The smoothing and non-linear stretch appear to
be chosen from trial and error.

The papers referred to in this section have dealt with cranio-caudal view mammo-
grams where the segmentation of the breast image from that of the film is trivial It
seems likely that ad-hoc image enhancement of medio-lateral oblique mammograms
will depend critically on the segmentation of the pectoral muscle image from that of
the breast

As was pointed out in the introduction, ad-hoc methods are unpredictable and
therefore dangerous: the authors of the papers referred to in this section have them-
selves noted creation of artifacts and amplification of noise. The use of ad-hoc methods
ina safety-critical application such as mammography seems particularly ill-considered
when there are so many degrading factors which can be modeled.

2.12 Conclusions

Past researchers have concentrated on the detection of calcifications. Masses and
disturbances in breast structure have hardly been considered. This is understandable
given the difficulty in matching left and right breasts, and the ill-defined nature of the
problems compared to calcification detection.

The use of the computer as an objective observer is reasonable, and one taken by
many of the published papers with apparent success in quantifying the parenchy-
mal pattern. However, the imaging conditions must not be overlooked, especially as
it might be argued that the human observer, with all his/her subjectiveness, might
actually be compensating in some fashion for the imaging conditions.

There has been little mention in the papers of the images actually used for the
analysis. Many authors appear to work on film density images, where the pixel value Is
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linearly related to film density, probably on the basis that this is related to attenuation.
This approach is possibly at odds with trying to model what the radiologist does,
because the radiologist sees the light transmitted through the film, 7; = [;10~", where
I is the intensity of the illurninating light, and D the film density.

The published image enhancement routines have been ad-hoc and therefore unpre-
dictable. This is particularly true for the cases where the authors have found a useful
enhancement technique in one field and then looked for applications inanother field.



Mammographic Process Model

3.1 Introduction

Figure (14) showed a schematic representation of the components of a screen-film
mamunographic system. When a mammogram is performed, a beam of low energy
x-ray photons is directed towards a compressed breast This beam is filtered to remove
low energy photons and collimated to the area of interest. The intensity of the beam
exiting the breast is related to the thickness and type of tissue in the breast The x-ray
photons leaving the breast have to pass through an anti-scatter grid before reaching
a phosphorous intensifying screen. If an x-ray photon is absorbed in the screen, light
photons are emitted by the phosphor and these light photons expose a film which is
processed to produce a mammogram. The exposure to the breast is stopped once an
automatic exposure control, positioned under a section of the breast, has received a set
exposure. Several books explain the mammographic process in detail (79], [80], [83]
and appendix B contains details of the x-ray attenuating processes dominant in the
mammographic energy range.

In this chapter we develop a mathematical model of the analogue mammographic
process. As the model is developed, a number of factors which might degrade the
mammogram become evident These factors include: scattered radiation, beam hard-
ening (in consequence of a polyenergetic source), and sometimes poor exposure due to
the automatic exposure control being inappropriately located. A number of additional
factors make it difficult to analyse mammograms quantitatively. These include vary-
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ing processing results when developing films (which might also be called a degrading
factor), system geometry, the “anode heel effect”, and the response of the system com-
ponents to x-ray photons of different energy. It is these factors which are the motivation
for the model-based image enhancement algorithms proposed in chapters 4 and 5.

Substantial modeling of the mammographic process has taken place previously.
This previous work has been inspired by the need to keep the radiation dose to the
breast as low as possible, whilst giving an optimal signal-to-noise ratio [54], [60], [72],
[90], [98], {109]. Because of the orientation of such work, the modeling has been used
to optimise the radiographic equipment involved in mammography. Notably, this has
included choice of anode material and x-ray tube voltage.

The model developed in this chapter is similar to those referenced. However, in the
related work the authors usually predict the appearance of a mammogram performed
ona standard breastand then optimize some contrast measure with respectto radiation
dose to the breast; our model works backwards from the mammogram itself to find
some measure of the object being imaged. This means that we are able to ignore
radiation dose to the breast, but have to take account of the potential degrading factors
mentioned above, as well as variations in breast size and composition, rather than
assuming idealized imaging conditions and a standard breast.

The mathematical model proposed in this chapter is developed by following the
path of the x-ray photons from production to exposure to the film. The assumptions
which are necessary for the work on compensating for the spatially varying incident
radiation intensity in chapter 4 are set out, as is the reason why this compensation al-
lows pencil beam geometry to be assumed. After the polyenergetic incident radiation
has been discussed, a breast model based on the x-ray attenuation properties of breast
tissue is proposed. The next step is discussion of the anti-scatter grid and film-screen
combination. We detail performance of an exposure of a lucite step wedge which deter-
mines the characteristic curve of the combination and therefore calibrates the system.
The last part of the chapter derives the equations which enable quantitative measures of
the breast tissue to be found. The equations involve both the breast exposureand breast
thickness, which were both noted down specifically for us by the radiographers. The
derived equations need an estimate of the most significant degrading factor, scattered
radiation, and this is studied in chapter5 where the equations are used with remarkable
success on real mammographic images. The attainment of quantitative measures of
the breast tissue indicates that the imaging parameters have been removed.

The mammograms used in our work were obtained from a G.E. Senographe 600
TS, with inherent filtration of 0.8mm Be and additional filtration of 0.03mm Mo. The
film, screen, and processing equipment were Fuji, but the values used in our work
are for the Kodak Ortho-M film and Min-R screen (which has the same phosphor and
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Figure 3.1: A two-dimensional representation of the geometry. Photons from opposite
ends of the focal spot hitting the same place on the intensifying screen pass through
nearly identical tissue. The focal spot size and horizontal distance are worst-case
scenarios.

phosphor thickness as the Fuji screen) due to the lack of data for the Fuji equipment.
The anti-scatter grid is a Phillips focused moving grid with paper interspacing.

3.2 Geometry

The x-rays form a divergent beam from the source whose focal spot and anode are
situated above the chest wall of the woman currently being examined. The distance
from the focal spot to the film is 65cm, and although the specified focal spot size is
0.3mun by 0.3mm the effective focal spot size can be nearer 0.5mm by 0.5mm. The size
of the focal spot is a major contributor to overall image blur. This is because a finite
focal spot allows x-rays to traverse the same tissue and yet strike the intensifying screen
in a different place. This effect is reduced in objects lying nearer the screen, and this is
one of the reasons for breast compression.

Using simple geometry it can be shown that two photons coming from opposite ends
of the focal spot and passing straight through the breast before striking the intensifying
screen at the same point will have traversed nearly identical tissue (figure 3.1). Similarly,
the path length of the photons through the tissue can be calculated as a function of the
angle at which they exit the focal spot (figure 3.2). The small focal spot size and large
distance from source to breast, mean that a model of the source as an infinitesimal spot
is reasonable.
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Figure 32: A two-dimensional representation of the geometry. Photons from different
parts of the focal spot pass through different thicknesses of tissue dependent upon
their direction of travel towards the film-screen combination. The focal spot size and
horizontal distance are worst-case scenarios.

Despite the length of the path which the photons have to travel varying over the
film, the volume of the cone of tissue V' irradiated by the diverging beam to expose a
fixed area A, of the film is identical no matter where the area is positioned on the film:

65
P o )
v /65-” A(R)dh,

where /7 is the breast thickness in cm and A(A) is the cross-sectional area of the cone at
distance k cm from the source. Since A(%) is known to be A4, at a distance of 65 cm, it

is known for all &: "
h
A(h) = (E) Ay

With this, the volume of tissue irradiated can be calculated:

. s (N’
P o /_H (E) Aydh
4 (65— I1)?
=i (65__652 ) (3.1)

One of the sub-goals of our modeling is to derive some quantitative measure of the
composition of each cone of breast tissue. The measure which we choose is the average
thickness of each tissue type which must have been present along each x-ray path from
source to film to give the observed attenuation. To calculate these thicknesses, Beer’s
law for pencil beam geometry is to be applied. However, despite the volume of each
tissue cone being constant, the beam used in mammography diverges and this needs
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to be accounted for. Usually, the intensity of the diverging beam is assumed to be
directly proportional to the inverse of the square of the distance fromthe source. In our
modeling, theintensity decay due to the diverging beam is taken into account when we
compensate for the spatially varying incident radiation intensity due to the “anode heel
effect” (see next section). After the mammogram has been compensated, it appears as
it would witha constant incident radiation intensity. We then have a situation where
the incident and exiting intensities of the x-ray beam are known for a cone of breast
tissue of volume V. The Xx-ray photons exposing any small area of the film have all
traveled approximately equal path lengths through the breast. Application of Beer’s
law with the known intensities and path length provides an average attenuation as for
the case of a non-diverging finite area beam. However, potential error exists in trying to
determine the actual volume of each type of breast tissue from the attenuation because
it is impossible to determine where the attenuating materials lie with respect to each
other, and with respect to the irradiated tissue cone: a smaller volume of tissue at a
place nearer the source can provide the same attenuation as a larger volume nearer the
film.

3.3 Incident radiation

The incident radiation beam is polyenergetic and has strong characteristic radiation
contributions at 17.4keV and 19.6keV from the Molybdenum anode. The beam is
filtered by 0.8mm of BerylHum, from the tube window, and 0.03mm of Molybdenum.
The incident spectrum used is as suggested by David Dance (personal communication),
citing a program by Birch and Marshall, for a tube voltage of 28kVp (the standard tube
voltageused for mammography in the UK). In our model, it is assumed that figure (3.3)
represents the number of incldent photons at each energy relative to the maximum (i.e.
the number at 17.4 keV) amywhere across the x-ray field.

The energy of the photons is important because lower energy photons are more
readily attenuated both in the breast tissue and the various components of the mam-
mographic system. Furthermore, the difference between the attenuation coefficients
of the breast tissues rises with lower energy. These facts mean that there is a trade-off
between contrast in the mammogram and radiation dose to the breast: low energy
photon beams give more contrast, but the breast receives a higher radiation dose. This
trade-off is crucial in modeling which aims to optimise radiographic techniques, but
can beignored in our modeling because radiation dose to the breast is irrelevant.

Thedifferential absorption of low energy photons can cause a loss of relative contrast

in dense breast areas through “beam hardening”. This is the effect whereby the average
energy of the beam rises as the beam is attenuated. As well as loss of contrast, beam
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Figure 3.3: The x-ray spectrum of the beam used in the model for a tube voltage of
28kVp with a molybdenum anode. The beam is filtered by 0.8mm of Beryllium, from
the tube window, and 0.03mm of Molybdenum.

hardening can also cause the automatic exposure control to terminate the exposure
early. Both of these effects will be examined fully in due course.

The total number of incident photons is directly proportional to the tube current
(fixed at 100mA) and time of exposure, which is given by an mAs (mili-Ampere
seconds) value when the mammogram is performed. The incident exposure in mAs
can vary between 30mAs and 500mAs depending on how large and dense the breast
is; the actual value is determined by the automatic exposure control.

The incident spectrum is assumed uniform across the x-ray field, and so the number
of photons incident on any part of the breast (¥§™') is simply the integral of the number
of photons over all energies, and is directly proportional to the mAs figure (X, ):

28
Ny = fo NI F)AE = ¢ X, (3.2)

where ¢’ is some constant which will shortly be divided by another constant to form ¢.
There is no area term in equation (3.2) because pencil beam geometry is assumed.

The number of incident photons at any particular energy level, ¥j*( ), relative to
the peak number of incident photons (which occurs at 17.4keV) is assumed constant,
irrespective of the mAs value:

2\'1-»/:1( F;)
;\,Vr-:f ) = 0 33
0 ( ) :\’6""1(17,4) ( )
Rearranging (3.3) and substituting into (3.2):

28
N = [’ Ng(F) Ng(17.4) T
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Then

Ng(17.4) = o X, (3.4)

This equationis used later to calculate the expected energy imparted to the intensifying
screen. It is important because it illustrates the relationship between the mAs exposure
value X, and the peak number of photons.

The angle at which the anode of the x-ray tube is placed defines the spatial variations
in the incident intensity due to the anode heel effect The anode heel effect causes the
intensity of the incident radiation to decrease away from the chest wall The x-ray
intensity also varies due to the diverging nature of the beam, aithough this effect is
small given that the distance from the source to the intensifying screen is large relative
to the radiation field size. The spatial intensity variation can be seen by exposing a
film with no object present, with the mammeography machine set to an mAs exposure
of 4mAss (equivalent to a time of 0.04 seconds since the tube current is set at 100mA).
The apparently blank film which is produced can be examined with a densitometer,
and a graph showing the spatial variations of the incident radiation can be obtained by
converting the densities back into energy imparted to the intensifying screen (figure
3.4). Since we have assumed that the incident radiation spectrum is uniform across the
x-ray field, the anode heel effect is assumed to be due to the spatial variation of the
number of photons. We assume that the ratio of number of incident photons between
any two points remains constant no matter what the mAs value is. Chapter 4 shows
how a digitized mammogram can be corrected for the spatial variations using the
apparently blank film.

3.4 X-ray attenuation properties of breast tissue

The normal breast consists of fibrous, glandular and adipose tissue, and sometimes
calcium. Adipose tissue is fibrous connective tissue packed with fat cells. There have
been only two papers dealing with the attenuation of x-rays by the different types of
breasttissue, and they reach different conclusions about the consistency of each type.

In order to estimate the absorbed radiation dose to the breast, Hammerstein et al.
(42] determined the elemental compositions and densities of fat, adipose tissue, skin
and glandular tissue. They found that skin and fat yielded consistent results, but that
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Figure 3.4: The combined effect of the anode heel effect and diverging beam on the
incident radiation intensity. The graph was found by performing an exposure with
no object present and calculating the energy which must have been imparted to the
intensifying screen to give the measured film density.

the carbon and oxygen components varied greatly in adipose and glandular tissue.
They ascribe this variation to difficulty in removing fibrous stroma from the adipose
tissue, and frorm removing fatty material from the glandular tissue. Johnsand Yaffe
{56] do not report such difficulties, and include neoplastic tissue in their study. It seemns
likely that the consistency of the results of Johns and Yaffe stems from their looking
at the components of adipose tissue separately (fatty tissue and fibrous tissue). Table
(3.1) gives the linear attenuation coefficients reported by Johns and Yaffe.

For our purposes it suffices to refer to fibrous, glandular and cancerous tissue
(which have similar linear attenuation coefficients) as “interesting tissue”, as distinct
from fat which has a much lower linear attenuation coefficient. We assume that skin
and blood can also be classified as interesting tissue from the point of view of x-ray
attenuation. This grouping of different tissue types is adequate for our purposes since
we are interested in image enhancement rather than tissue classification.

Using figures from [88], the linear attenuation coefficient for calcdum at 18keV is
26.1, at 20keV it is 19.28, and at 25keV it is 10.8. These relatively large values indicate
the high attenuation of cakium, but since calcium occurs only in small quantities, the
total attenuation Is often more comparable to that of the other breast tissues. In our
model, it is assumed either that caldum is not present or that it can be detected prior
to further processing (a number of authors have claimed high detection rates [17],
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! Tissue type No. patients 2 (cm™!) at energy (keV)
i 18 20 25
| Fat | 7 Minimum 0538  0.441 0314
; i Mean 0558 0456 0.322
‘ Maximum 0585 0476 0333
N
Fibrous 8 Minimum 1.014 0.791 0.499
(Glandular) Mean 1.028 0802 0.506
(Parenchymal) Maximum 1.045 0816 0516
Infiltrating 6 Minimum 1.061 0826 0.519
duct Mean 1085 0844 0.529
carcinoma Maximum 1.137 0884 0.552

Table 3.1: The linear attenuation coefficients for various breast tissue ty pes reported by
Johns and Yaffe [56]

{22]). With this assumption the remaining breast tissues can be classified according
to their linear attenuation coefficients into interesting tissue or fat. This assumption
is necessary to reduce the number of unknowns in the system and to allow correction
for beam hardening. However, due to the importance of calcium in diagnosis, careful
analysis of our proposed model-based image enhancement techniques takes place to
ensure that the visibility of calcium is not diminished (such analysis is in section 5.3.7).

The linear attenuation coefficients of Johns and Yaffe cover the energy range from
18keV upwards (their work was directed towards dual energy imaging), but the mam-
mographic energy range starts at 10keV. The linear attenuation coefficients for the rest
of the range need to extrapolated.

In the mammographic energy range, the photoelectric absorption component (u.)
of the linear attenuation coefficient (;:) varies with the cube of the photon energy, whilst
the scatter component (x,) is near constant:

A
W(E) = 25+ (3.5)
where ) is a constant related to the atomic numbers and densities of the materials
being considered. Using this equation and the values in the table above, the linear

attenuation coefficients for the different tissues can be extrapolated to cover the entire
mammographic energy range. The result of this is shown in figure (3.5).

Using the linear attenuation coefficlents, the number of primary photons (¥,*"') at
energy I7 after the incident beam has passed through h;,, centimetres of interesting
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Figure 3.5: Values of the linear attenuation coefficients used for fat and interesting
tissue. These are the averages of the values reported by Johns and Yaffe [56], with
suitable extrapolation to cover the entire mammographic energy range.

tissue and 1 ,, centimetres of fat can be determined by applying Beer’s law:

‘_v;.mf( E) - l,\;ami'( E)f:-(h"""‘m(£)+h!""‘!"'(ﬁ)), (3.6]

where (N§™) is the number of incident photons and y,,..( %) and y s..( 7) arethe linear
attenuation coefficients of interesting tissue and fat respectively.

This leads to an equation giving the total number of photons in the primary beam:

28 28
Nt = [T N ENE = [ N Ryt P hn e NE,(3.7)

When a mammogram Is performed, the breast is firmly compressed in order to
produce better images. The word compression, taken in an engineering sense, is
misleading as the the breast tissues do not compress but deform and displace with no
loss of volume (85]. This is important because no change of volume implies no change
in density and thus the linear attenuation coefficients of the tissues remain constant.

Let the distance between the compression plates be I/amand let k;,, be the thickness
of interesting tissue on any x-ray path and % ,, be the thickness of fat on the same path:

I = hini + h oy (3.8)

Equation (3.7) can be rewritten to include this relationship and reduce the number of
tissue unknowns to just one, namely h,,,,:

28 28
;v;ml - f N;mi( E)d’; - j; rvéml(F")e-(lm.m.m(E)+Hiajar(5)~h.m:t,'a:f";})dﬁ; (39]
0
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The top compression plate is sometimes at an angle to the bottom compression piate
rather than being parallel, but this is easily measured and corrected for. Equation (3.8)
is incorrect at the breast edge with the film where the total thickness of tissue is reduced.
Later in this thesis we model the breast edge as consisting of pure fat (section 5.5.1) and
use detection of the reduced thickness as a verification test of the model (section 5.4).

To obtain quantitative measures of the breast tissues, all the x-ray attenuating factors
in the system have to be considered. In addition to the breast, the major attenuators
are the anti-scatter grid, intensifying screen and compression plate. To measure the
attenuation it is necessary to consider energy imparted to the intensifying screen rather
than the number of photons. After considering each of the system components, it will
be shown how the attenuation expected with ;. cm of interesting tissue and hy,, cm
of fat can be calculated.

3.5 Anti-scatter grid

Photons exiting from the breast have to pass through an anti-scatter grid before reach-
ing the intensifying screen and film. Scatter was not recognised as a problem in
mammography until around 1978, when Bamnes and Brezovich (4] measured the num-
ber of scattered and primary photons reaching a Nal(T1) crystal detector having passed
through a circular lucite phantom 14cm in diameter. They varied the thickness of the
lucite and the diameter of the circular radiation field (ludite is chosen because of its
similar absorption and scattering properties to a breast consisting of half fat, half in-
teresting tissue). The measurements were carried out without a grid and were taken
beneath the centre of the lucite, figure (3.6) shows one of the results. As a consequence
of the Barmes and Brezovich paper, anti-scatter grids were introduced into mammog-
raphy with apparently dramatic effects [20],{21]. However, grids also remove some of
the primary beam necessitating an increase in dose to the breast in order that the film
is satisfactorily exposed. The increase in radiation dose to the breast is often double
(the “Bucky factor”). Scatter reduction can be obtained with no increase in dose to
the breast by introducing an air gap between the breast and film, but this Introduces
unacceptable blurring through magnification. Due to the increased exposure using a
grid, their use is likely to remain an issue of debate, especially for women with small
breasts. Carlsson et al. [11] report that in Sweden, where grids haven’t been used in
screening, experience has shown that their use would reduce the number of healthy
women recalled to the assessment clinic. Modeling of the mammographic process and
of the effects of scattered radiation could provide an alternative to using a grid, and
hence could halve the radiation dose to the breast.

An anti-scatter grid is composed of a series of thin parallel lead strips separated by
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Figure 3.6: Variation of scatter to primary ratio with phantom thickness when no anti-
scatter grid is used, according to Barnes and Brezovich [4]. As well as illustrating the
high scatter component of the signal, this graph also shows the benefits of firm breast
compression in reducing the scattered radiation component of the signal

paper. The grid is oriented and focused so that photons emitted from the focal spot
are mostly able to pass straight through. Grids can be moving or stationary. Moving
grids are more expensive but are commonly used as they are less likely to produce
grid lines in the mammograms. Figure (3.7) shows the relative transmission of the
anti-scatter grid to primary photons at different energies, and figure (3.8) shows the
relative transmission of scattered photons with direction, integrated over the azimuthal
angle. Both graphs are as reported by Dance and Day [20].

Scatter-to-primary ratios calculated with and without an anti-scatter grid, as re-
ported by Carlsson et al. [11), are shown in table (3.2). These ratios are averages over
the breast shadow, and do not include extra-focal radiation. Carlsson et al report that
the scatter-to-primary ratio in the centre of the breast is around 15% higher than the
average.

The anti-scatter grid is obviously effective in reducing the scatter component, but
as we will show in chapter 5 it makes digital scatter removal more difficult by making
the scatter component of a higher frequency through it becoming more reliant on the
local tissue.
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Figure 3.7: Relative transmission ratios through a moving anti-scatter grid of primary
photons at different energies, according to Dance and Day [20}.
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Figure3.8: Relative transmission ratios through a moving anti-scatter grid of scattered
photons at various angles, according to Dance and Day {20]. The values are relative to
the transmission of primary photons with energies between 12.5 and 25 keV, and they
have been integrated over the azimuthal angle.
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Composition | Tissue thickness(cm) | S/P | S/P grid
Fat 2 0.2340 | 0.0376
5 04832 | 0.0899 |
L 8 07578 | 0.1469 |
50/50 2 02527 | 0.0425
5 05412 | 0.1041
8 0.8244 | 0.1630
Glandular 2 02695 | 0.0481
5 0.6018 | 0.1173
8 09070 | 0.1868

Table 3.2: Scatter-to-primary ratios calculated with and without an anti-scatter grid,
and for different breast compositions, as reported by Carlsson et al. [11]. These ratios
are averages over the breast shadow, and do not include extra-focal radiation.

3.6 Film and intensifying screen

X-ray photons passing through the breast and anti-scatter grid also have to pass through
the film before being absorbed by an intensifying screen which produces visible light.
It is this light that exposes the film and creates the image, although a small percentage
of the x-ray photons are absorbed as they pass through the film. We assume that the
exposure to the film is directly proportional to the energy imparted to the intensifying
screen. The greater the exposure to the film, the darker it becomes and this darkness is
usually measured in terms of film density, 1:

D = log,, (%) , (3.10)

where I, is the intensity of the illuminating light (usually froma light box} and 7; is the
intensity of the light transmitted through the film.

There are three primary sources of noise in film/screen mammography: film gran-
ularity, the limited number of x-ray quanta, and random inhomogeneities in the in-
tensifying screen. At low and high film densities, and for spatial frequencies greater
than 5 cycles/mm, film granularity is the dominate source. For medium film densities
at spatial frequencies less than 5 cycles/mm quantum noise dominates. The noise in
film-screen mammograms has been studied extensively elsewhere [3], [5], [S58] and is
not studied in this thesis.

An intensifying screen is used in mammography because it acts as a signal amplifier.
Although use of an intensifying screen dramatically reduces x-ray dose to the breast,
it also increases image unsharpness. The intensifying screen increases unsharpness
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Figure 3.9: Relative absorption of primary photons by the intensifying screen, as re-
ported by Dance and Day [20].

because when the x-ray photons are absorbed in the phosphor, light photons are emitted
isotropically. The greatest exposure to the film is near where the x-ray photon was
absorbed, but the overall effect is a blur rather than a precise point. The degree of this
blur depends upon the energy of the x-ray photons in a non-trivial manner. This effect
is termed glare. We have not tried to model this phenomenon due to the complexity
of estimating the degree of blur and the lack of empirical data. Figure (3.9) gives
the relative absorption of the different energy photons by the intensifying screen, as
reported by Dance and Day [20].

The film-screen response to energy imparted to the intensifying screen is given
by a characteristic curve (figure 3.10). The characteristic curve changes with the film
processing conditions and must therefore be checked regularly if quantitative measures
are required. Ideally, the energy imparted to the intensifying screen would be measured
and simply plotted against film density. However, determining the energy imparted
to the intensifying screen accurately is difficult We approximate the characteristic
curve by using a lucite step wedge and simulating the attenuation of the x-ray beam
by the different thicknesses of lucite (this is explained in detail in appendix E). A
small correction for scattered radiation is made, and the logarithm of the calculated
relative energy imparted is plotted against film density, which is measured with a
densitorneter. We performed an exposure of the step wedge before every mammogram
used in this thesis. It is assumed that the film-screen characteristic curve remains the
same over a short period of time (i.e. the period between developing the step wedge
and mammogram), and between cassettes. Exposing the step wedge with randomly
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Figure 3.10: Film-screen characteristic curve found by exposing a lucite step wedge,
measuring the film densities with a densitometer and plotting them against the results
of a simulation to determine the relative energy imparted to the intensifying screen.

chosen film-screen cassettes on different days has not shown any great change in the
characteristic curve.

The minimum film density is in the range 0.15 - 0.17 (called the base-fog), and the
characteristic curve is approximately linear between film densities of 0.6 and 3.0. The
automatic exposure control aims to keep most of the film densities between 1.0 and
2.2, The Hnear approximation is adequate for exploring the system characteristics,
but a more realistic approximation is needed for quantitative work. In this thesis, the
linear approximation is used to derive analytical expressions, whilst a piecewise linear
approximation is used to find the relative energy imparted for any film density.

Let 1 be the film density for some area of the film, and let 7" be the energy
imparted to the screen in this area and F);;}' be the energy used as a reference. Define
I to be the energy imparted relative to the reference:

Erml )
el —— (3.11)
el
DSy
With the linear assumption in the region of interest the following equation can be
written with 4 the film/screen gradient, and 4 the other linear constant:

D = ~ylog, F'+4
A = loglo 4
D = ~log,(3F™ (3.12)

The gradient ~ is found from the characteristic curve and is taken to be the value which
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best fits the data. Typically this has a value of just over 3.0 and is independent of
the imparted energy being used as a reference. The value of 7 is related to speed.
The higher that 4 is, the lower the imparted energy required to produce a certain film
density and the faster the film The value of 9 is difficult to find, principally because
it changes significantly over time due to reciprocal law failure but also because it is
dependent on the energy used as a reference.

The reciprocity law states that the density produced on a film depends only on the
total amount of light energy employed. This law has been found to fail in mammo-
graphic film (when a screen is used), with greater exposures needed to produce the
same film density as the time of exposure rises. Stanton [98] quotes Haus’ assertion
that to create the same film density Kodak Ortho-M film needs an increase in exposure
(as measured in mAs) of 7%, 17% and 36% as the time of exposure is increased from0.5
seconds to 1s,2s and 4s respectively. Kimme-Smith et al [60] found that reciprocal law
failure occwred to similar degrees in all modern film-screen combinations, including
Fuji. Armold [2] concluded that the main consequence of reciprocal law failure is on
the speed of the film, thus we assume that ~ does not change due to it.

The choice of reference energy is important because it has to be a value which can
be used not only to write other imparted screen energies in, but also later to write
expected imparted energy knowing only the exposure in mAs. The characteristic curve
in figure (3.10) is drawn relative to the energy imparted to the screen after the x-ray
photons have passed through the greatest thickness of lucite in the step-wedge. In this
thesis it is most convenient to work in terms of energy imparted relative to the energy
imparted when an exposure of .., mAs is taken with no breast present (73 ). This
reference energy is found by taking an exposure at 4 mAs and measuring the largest
density on the film, Ny_,. This will be where the film has been exposed most (i.e.
where most energy has been imparted to the screen) and will be beneath the anode.
The tube current is set at 100mA and thus the time of exposure is 0.04 seconds. Using
the values for reciprocal law failure given above, the mAs exposure value of 4mAs is
corrected to be more consistent for the time of exposure of each specific mammogram,
and this is the value X..;.

The actual energy imparted to the intensifying screen £ can be written relative
to 75" . Write equation (3.12) to be relative to /7y~ :

’,’;1:»:6'
D= ~ 10810 (‘.’W) (3.13)

Xyey

When 7' = By, D = Dy, thus:

4= 107%-i/7 (3.14)
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Rearranging (3.13} and substituting in (3.14):

1
rreal  _ S 1Pl preeal
Fe = 107y

= 100 et (3.15)

3.7 Automatic exposure control (AEC)

The automatic exposure control (AEC) measures the amount of radiation reaching the
film under a certain portion of the breast. It is meant to be positioned under the
densest part of the breast to ensure good exposure in the area most likely to contain
a carcinoma. The AEC on the G.E. Senographe is a half-cylinder with a radius of
3.5cm The automatic exposure control can give poor results due to limitations in x-ray
detection, beam hardening, reciprocat law failure and poor positioning [33].

The position of the densest breast tissue within the breast varies, and it is extremnely
difficult to determine before exposure. Consequently, the AEC is occasionally in the
wrong position to ensure good overall exposure. The AEC is set to give a mean film
density of around 1.5 in the film area directly above it. This is in the so-called useful
range of film densities from 0.25 to 2.0 above base-fog (this is the range seen directly
by a human viewing a mammogram on a light box).

Some measure of breast thickness tracking has to be built into the AEC inorder that
an adjustment for beam hardening can be made; otherwise, the high energy photons
which make it through the thicker/denser breasts can cause early termination of the
exposure. The setting of the AEC can be adjusted to suit individual radiologists. In the
next chapter a model of an idea] AEC is proposed, and is used to decrease/increase the
exposure theoretically to create mammograms which are similar to those produced in
practice.

3.8 Calculation of quantitative breast values

3.8.1 Introduction

In this section, the aim is to derive equations to find quantitative values for the breast
tissues. These values can be found by comparing the actual x-ray attenuation, deriv-
able from the film densities and calibration data, to the theoretical x-ray attenuation
calculated by using the linear attenuation coefficients of the various breast tissues. The
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attenuation measure T is defined as follows:

(3.16)

— Energy imparted to screen if no breast present
hf‘ = Ln % . . .
Energy imparted to screen from primary radiation

In this equation, scattered radiation is not considered, so that in the practical situation
some correction for scatter is necessary, whilst in the theoretical situation only the
primary contribution to the energy imparted is considered.

3.8.2 Calculating the energy imparted to the screen if no breast present
The energy imparted to the screen in the reference situation (X,.; mAs) is given by:
real 2 renl ~Htue(F}h
By = fo Ny E) T S(F) GUF) et Flbuat g, (317)

where ¥;"*(F) is the number of incident photons with energy 77, S( ) is the absorp-
tion ratio of the screen to primary photons of energy 72 (figure 3.9) and G(F) is the
transmission ratio of the grid for primary photons of energy  (figure 3.7). The final
factor givesthe absorption of the primary photons by the compression plate. The plate
is made of lucite (linear attenuation coefficient ;1,, , see appendix E) and is 4,.... cms
thick. Forour system /.. = 0.4cm. The effect of air is considered negligible.

The number of incident photons is related to the mAs exposure value which can be

seen by substituting equations (3.3} and (3.4) into equation (3.17):

28
By, = Nem(17.4) [T NgUE) E S(E) G(R) o P i

veof

28
X vt /0 NEU(E) B S(F) QF) erimrFlbptors g (3.18)

where X,,; is the mAs exposure value.

Theenergy expected to be imparted to the screen for an exposure of X, mAs can be
writtensimilarly:

28
Byt = X, jo NGA(E) B S(F) G(R) e Fhbwne g, (3.19)

Thisallows a simple calculation of the relative expected imparted energy for an exposure
of X, mAs by dividing (3.19) by (3.18) and rearranging:

E‘:‘:.nl

8
¢X“/0 NyUR) F ST GUE) e F it gF;

X
= En (3.20)
Aref b

Ih
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3.8.3 Calculating the theoretical x-ray attenuation

The value of %y can be calculated for the theoretical situation in which there is a
thickness of J,,.. ¢ms of interesting tissue, and /y,, cms of fat. Only the primary
component of the energy imparted is considered.

Let 77>*' be the energy imparted to the screen from the primary photons when a
breast is present:

el = 6X, fo ” NGB T S(E) G(F) et Fdtare =il FY g (3.21)
where 4 is the combined linear attenuation factor:
ht(F2) = Minettoni{F2) 4 B papt g 17)
Rearranging equation (3.8) and substituting in gives:
hp( 1) = Bincttne( F2) 4+ (T ~ bt )t el 12) {3.22)

The effective attenuation, 7y, is defined mathematically as:

!

E;ml

Iy = In

Substituting in equations (3.18,321) and cancelling:

S N§UE) E S(E) G(F) el Flisince dF,

T = In
H T TENGUR) E S(B) GUE) et Plgtore o=t 2) dF;

Substitute equation (3.22) into this:

2 NUE) E S(E) CF) et Fhpse g,
015 N5 (F) B S(F) G(F) erwelFlotar g =kt (F)y=(H~Rods s (FY (7

Tyt = In (3.23)
Ifthe value of it is known then this equation has only one unknown, k.. However, it
is extremely difficult to evaluate this integral equation directly to find %.,,. The problem
is alleviated by trying all feasible values of /.., and numerically integrating. This leads
to a series of look-up tables from the ki value to h,,, for each different breast thickness
I1. Figure (3.11) shows the relationship between ), and %z in a breast with compressed
thickness (/T) of 8 co. Theability to calculate L;,.. allows correction for beam hardening,
to produce-an image which would have been obtained using a monoenergetic source.
The effect of beam hardening on the total linear attenuation from one material with
increasing thickness of material (%) is shown in figure (3.12); as the thickness rises the
linear relationship is lost.
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Figure 3.11: The relationship between effective attenuation coefficient ku and the thick-
ness of interesting tissue ., for a breast compressed to 8cm.  Also shown is the
attenuation if the beam had been monoenergetic with photon energy 18keV
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Figure 3.12: The effect of beam hardening on the attenuation properties of just inter-
esting tissue with increasing thickness (h cm). Also shown is the attenuation with a
16keV monoenergetic beam.
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3.8.4 Calculating the practical x-ray attenuation

The energy imparted to the screen 727" has a primary /"' and scattered component
Frpeds

El

Er—r,! - I,Tpml + E:m! (324)
Let ,
Er—f - E:e'-
x Erxx:-.l;

Rearrange (3.24) and substitute in (3.15):

q—nl = ’?—ml e E:m?
(P=Dx,_, /5 preal ~eel prvent
10 Mgt — B Eg

(lO(D-Dx,.,J}/’r _ E:-f)[,-’-;-:lf
This equation js combined with equation (3.20) to find %y

et
e =B (F")

X,
In (erf(]o(n‘nxﬂ./)/’ _ E"‘I)) (3.25)

This equation is important because it means i can be found practically without know-
ing the value of ,’Zj‘:’_"_*!. Given an accurate knowledge of the scatter component (which
we provide in chapter 5), the value of 1 matches with a theoretical attenuation from
the previous section to give a thickness of interesting tissue ,.,,.

il

3.9 Summary of chapter

In this chapter a model of the analogue mammographic process has been constructed
which is the basic building block for later chapters. The first part of the modeling gave
the assumptions which are vital in compensating an image for the spatially varying
incident radiation intensity (which is explained in section 4.6):

¢ Assume that the relative incident radiation spectrum is spatially uniform across
the x-ray field.

¢ Assume that the anode heel effect is due to the spatial variation of the number of
photons (this must be the case if the incident radiation spectrum is uniform).

¢ Assume that the ratio of the number of incident photons between any two points
remains constant no matter what the mAs value is.
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¢ Assume that the total number of photons is directly proportional to the exposure
value X, mAs.

Once the image has been compensated for the spatially varying incident radiation in-
tensity, the problem can be modeled with pencil, rather than diverging, beam geometry,
and it becomes pertinent to deal with thicknesses of tissue:

e The compressed breast is of thickness // cm, and consists of fat and interesting
tissue:
= byt + hfqt.

where ., is the thickness of interesting tissue and k., is the thickness of the fatty
tissue,

e The theoretical attenuation of the beam, u/: by ., centimetres of interesting tissue
and /] - h;,, centimetres of fat can be calculated:

[& NFUE) E S(F) O(F) e ¥t Flwier- 17
N§'(F)  S(T7) G(F) emvtactFhhpton g ~tncttsar (B~ (R ~deewsiJujor (F) 4

7:;:11’1 b1
0

where 7 is the photon energy, No(77) is the relative number of incident photons at
energy 7, S{77) is the relative screen absorption, (/%) the relative grid transmis-
sion of primary photons, /... the lucite compression plate thickness, and j .,
Jtine aNd i1 are the respective linear attenuation coefficients.

The attenuation found in practice along an x-ray path can be calculated:

e The film density /7 can be written in terms of the illuminating light intensity /;
and Intensity of the light transmitted through the film 7, and also, for a limited
range of 1, in terms of the relative energy imparted to the intensifying screen:

h

D logy, 7

il

i

it I0810 al,
where 4 and ~ are calculated from calibration data.

¢ The practical attenuation is found from the film density and mAs exposure value
X

— X,
hp = In (_!(,,,(10‘”'”"'!”’ _ E.)) »

where X,,; comes from the calibration data, and is corrected for film reciprocal
law failure, Dy, , comes from the calibration data, and T, is a scatter estimate.
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Comparison of the found practical attenuation with the calculated theoretical attenua-
tion gives a quantitative measure of the breast tissue, /,,,.

In terms of the overall aim of our modeling, this chapter has shown how to move
from film density /2 to thickness of interesting tissue A.,, given the exposure X, mAs,
a scatter estimate 7, and calibration data obtained froma lucite step wedge. Chapter
4 explains how film density is measured in a mammogram, and chapter5 provides the
scatter estimate as well as producing enhanced images using the values of Z,,,,.



Fundamentals of Mammographic Image
Processing

4.1 Introduction

This chapter transfers the analogue model developed in chapter 3 to the digital domain,
and explains the fundamentals of model-based mammographic imaging processing:
digitization, display, simulation of the automatic exposure control and correcting for
the spatially varying incident radiation intensity.

Transferring the analogue model to the digital domain simply requires the addition
of spatial variables, and the recognition that any non-specific areas become the area
of one pixel as determined by the digitization. Thus, rather than discuss the energy
imparted to a non-specific area A of the intensifying screen, the discussion becomes
centred around the energy imparted to a fixed area corresponding to a pixel with
specific spatial coordinates.

Thedigitizing and displaying of the mammographic images are crucialto the success
of any model-based image processing. The digitizing is crucial because quantitative
values of the object being imaged are required, and it is therefore necessary to remove
the digitizing parameters. The display is crucial because it is pointless performing
carefully planned enhancement if an unknown transform is to be applied before the
image is viewed.

Simulating the automatic exposure control and correcting for the spatially varying
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incident radiation are fundamental to the more advanced model-based work described
in chapter 5. Correcting for the spatially varying incident radiation intensity allows
pencil beam geometry to be used, and later algorithms to be performed as convolu-
tions. The automatic exposure control model proposed in this chapter provides the
mechanism whereby images can be created which look similar to real mammograms.
Notably, the automatic exposure control model allows appropriate amplification of the
primary signal which is found by the scatter removal algorithms described in chapter
5.

Thechapter starts with an explanation of how mammograms are digitized, and how
the images are displayed to keep the same brightness relationships as in the original
mammogram. This is followed by examples of mammographic images transformed
into images which represent the energy imparted to the intensifying screen. The
mode] of the analogue mammography process is then used to simulate the changes in
the mammographic images which occur when the mAs exposure is altered, or when
the automatic exposure control setting or position is adjusted. The theory behind
compensating for the spatially varying incident radiation intensity is then set out, and
the chapter concludes with a flow chart and discussion of the various relationships
between not only the digital transforms but also the analogue process and digital
process.

4.2 Digitization

Mamunography is not as yet digital, although it promises to become so within the
near future. The reason that it has not yet become digital is the concern that the
quality of the digital images is not yet good enough to satisfactorily image the smallest
mammographic abnormalities. However, Karssemeijer et al {58] claim that diagnosing
from a mammogram digitized to 2000 by 2000 pixels is already as good as diagnosing
directly from the films themselves since it appears that the loss of resolution can be
compensated for by increased contrast. Parkin et al. (77] report that their directly digital
mammography system, although suffering from noise and the difficulty of getting left
and right mammographic images into positions where asymmetry can be checked for,
does allow improved performance in dense breasts.

A mammogram can be digitized by a variety of instruments, but when quantitative
measures of the imaged object are desired the imaging parameters must be known.
Initially, we used a CCD camera but these images were abandoned because the rela-
tionship between pixel value and film density was hard to determine, apparently due
to a hidden gain control within the camera (appendix D). Instead, a Joyce-Loeblescan-
ning microdensitometer was used (by kind perrmission of the Royal Marsden Hospital,
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London). This produces an extremely high resolution (4200 x 3072), 8-bit grey-scale
image, where the pixel value is linearly related to the film density (rather than the light
transmitted through the film which is picked up by a CCD camera):

P(«z.y)—2732

-91.07

The mammographic images in this thesis are of a smaller size (700 x 512). The smaller
images were derived from the larger ones using a median filter. The median filter was
chosen because of its stTucture preserving properties.

Die,y) =

Recording film density rather than the intensity of the light transmitted through
the film is preferable because the film density is independent of the illuminating light
intensity level Calculation of film density can be made robust to spatial variations in
the illuminating light intensity by measuring the iluminating light intensity at the same
time as the transmitted light intensity, rather than measuring it once and assuming that
it remains constant.

The Joyce-Loeble scanning microdensitometer scans the entire mammogram with a
50 micron beam calclllaﬁng diffused, rather than specular, film density. Diffused film
density is calculated USing the integral of the intensity of the light being transmitted
through the film over all angjes, whereas specular film density uses the integral of the
intensity of the light OVe€r a much smaller, more direct, range of angles. Diffused film
density isthe correct choice for our work, because not only is it the measure calculated
by most densitometers, but also the computer screen is a diffuse device: each pixel
spreads light in all directions,

The Joyce-Loeble 5®3Nning microdensitometer is a highly accurate piece of equip-
ment. However, it ca® Ohly measure film densities within the range 0.2 to 3, and any
film densities greater than 3 5 re set to 3. Fujl mammographic film contains information
over the film density ¥Nge 0.2 to 3.7, so that the breast edge of the digital images is
slightly curtailed. This does not appear to be a serious problem as the nipple area is
easily identifiable on MOst of the digitized mammograms (figure 527); although it is
part of the reason tha! SOme of the breast images look to have a rough, rather than
smooth, outline.

Of the film density Tange stored on the mammograms, only the film densities
between 0.2 and 2.2 ™ be seen on a standard light box (without the use of a “hot”
light). This implies that in poth the film and digital mammographic image there is
information that the Vi®Wer does not normally perceive.

The Joyce-Loeble 5@ M\ing microdensitometer has a fixed film density to pixel value
transform.  Unfortun?*®ly, although this allows a simple pixel value to film density
transform, it also intr®94ces excess quantization error when the mammogram does not
contain film densities *Pahning the entire 0.2 to 3 film density range. This is especially
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true of cranio-caudal view mammograms where few films have densities lower than
0.8 within the breast area. In this situation, the pixel values corresponding to film
densities from 0.2 (pixel value 255) to 0.8 (pixel value 200) are not being used.

As well as quantization error, any digitizing equipment also introduces additional
noise and blur into the system. Caldwell and Yaffe {10] restored their mammographic
images in order to compensate for resolution degradation due not only tothe digitizing
aperture, but also the finite size of the focal spot and glare in the intensifying screen.
They did this by applying, in the frequency domain, an inverse filter based on the
modulation transfer function.

4.3 Displaying mammographic images

When a film is on a light box, the eye receives the light transmitted through the film
(T

T = 11077, 4.1)
where [; is the intensity of the illuminating light and ) is the film density. The digital
images photographed for this thesis have the luminance of each pixel set to be directly
proportional to the light transmitted through the film in the corresponding area. This
means that if an area on the film is twice as bright as another area (i.e. has twice the light
being transmitted through the film), then that area in the digitally displayed image is
also twice as bright (ie. has twice the lJuminance).

For the particular terminal screen on which the work in this thesis was carrled out,
the luminance /. from each pixel (=, y) was directly proportional to the square of the
pixel value P:

Iz, y) = rsz(:n,y], (4.2)
where o is the constant of proportionality. The luminance /. is required to be dj-
rectly proportional to the intensity of the light transmitted through the film in the area
corresponding to (=, y):

lf(I1ﬂJ = /\Tf(:ﬂ,!}), (43)
for some . To obtain this relationship:

A 1/2
Plz,y) = (—) 7z, y) (4.4)

<

Substituting in the film density equation (4.1), and assuming 7, to be constant:

1/2
P(z,y) = (L”) 10- P2 (4.5)

[54
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The dynamic range of the terminal screen (i.e. the ratio of highest lumninance to lowest
luminance) is around 40, for the screen in question. This corresponds to being able to
perceive luminance at around a pixel value of 40 and still being able to see increasing
luminance up to a pixel value of 255. This dynamic range is well below that of a
film on a light box, which is approximately 100 (taking film densities of 0.2 and 2.2 as
being the extremes seen). Consequently, to display the images and have the required
relationship between luminance and “transmitted light”, the transmitted light range
has to be reduced. Fortunately, the lowest film density is rarely below 0.6, especially
on cranio-caudal view mammograms, and using this as the minimum density reduces
the dynamic range required to just under 40. Setting a film density of 0.6 to give a pixel
value of 255 provides the constant in equation (4.5):

£ 1/2
)

P, )/ 107762

255/0.501
= 5088 “4.6)

Figure (4.1) shows mammographic images transformed from the original to an image
corrected for the terminal screen (i.e. to make luminance directly proportional to pixel
value), and then into a “transmitted light” image calculated from equation (4.5) with
the constant set to 508.8.

4.4 Energy imparted to the intensifying screen

The first stage in model-based image processing is to remove the imaging parameters
in order to obtain quantitative measures of the imaged object. In the case of mammog-
raphy this process has several steps, some of which require extensive modeling. In this
section the digitizing parameters and film-screen parameters are removed. Removal
of the digitizing parameters is simple since there is a fixed transform between pixel
valueand film density. Removal of the film-screen parameters requires calibration of
the systern as described in chapter 3. The calibration provides the characteristic curve
and this allows transformation of the film densities into values representing the rela-
tive energy imparted to the intensifying screen. Using the linear approximation to the
characteristic curve, the transformation is as in equation (3.12):

1
F(z,y) = z1017('«*,5'»%

Figure (4.1) shows “energy imparted” images, the value of  is 3.2, and the value of 4 is
5.6. In both cases, the energy imparted images are displayed with luminance directly
proportional to the energy imparted.




Figure 4.1: Images of breast MML1 (top) and FDL1 (bottom). The top left image
is the original from the digitizer, the top right image is the original transformed to

make luminance directly proportional to pixel value. The bottom left image is the
image which would be seen if the mammogram were put on a light box: P(z,y) =
508.8 10-7+9)/, where D is the film density. The bottom right image has luminance
directly proportional to energy imparted to the intensifying screen.
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4.5 Simulating different exposures

451 Introduction

As explained during the development of the analogue model, the automatic exposure
control is meant to control the amount of radiation reaching the filmunder a dense area
of the breast, and to terminate the exposure when a certain average film density has
been reached in the area. There are two major potenttal problems in this apparently
simple task. The first is that the AEC might be poorly positioned so that it is under a
fatty area of the breast when in fact there is a dense area present. The second problem
is that beam hardening can cause the average photon energy to be unexpectedly high.
Consequently, breast thickness tracking has to be built into the AEC in order that it
can adjust. If tracking is not provided then beam hardening can make the AEC cause
early termination of the exposure. In this section we explain two ways of increas-
ing /decreasing the exposure and show how to simulate the corresponding changes in
the mammographic images.

4.5.2 Adjusting the mAs exposure value manually

To correct a mammographic image for under- or over-exposure, it can be changed to
simulate manipulation of the mAs exposure value. Let X. mAs be the exposure at
which the original mammogram was performed, and let X! mAs be the new exposure
value. The energy imparted to the intensifying screen has both primary and scattered
compornents:

F(z,3) = Fpl(3,9) + Pulz) @7
Recall equation (321} which gives the energy imparted to the intensifying screen due
to primary photons, and insert spatial coordinates:

28
Folz,n) = 0X, [ N§(R) B S(F) G(R) o~etPlines (=haleaF)g
]
Replace the part not dependent on X, by 72/(z,y):
Fp(w,y) = X 2 (w,u) (4.8)

1f there are ¥ incident photons and ¥, of these are scattered to reach a point on the
image, then it can be estimated that 2/¥, scattered photons will reach the image when
there are 2V incident photons. It is reasonable therefore to assume that the scattered
component is also directly proportional to the mAs exposure value:

E,,(I, y) = X(:E.:d(zv y)v (49)
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where 777%(z,y) is not dependent on the exposure. Substitute equations (4.8) and (4.9)

into equation (4.7):
iz, y) = XA (@) + B (2, 4)

The energy imparted at (=, ) with the new exposure can be written similarly:

Eloy) = XUE (@) + V' (,y)

Il

X
Tfﬁ(r.ll) (4.10)

Figure (4.2) shows an original mammographic image performed with an exposure of
106.0 mAs, and figure (4.3) shows the result of simulating an increase in exposure to
121.0 mAs. The transformed image was created by calculating the new energy imparted
values /7 and re-applying the relationship depicted in the characteristic curve to find
the film density.

453 Theoretical automatic exposure control

Instead of manually adjusting the exposure, the action of an automatic exposure control
unit can be modeled. We model the action of the AEC as aiming to producean average
film density in an certain area. This simple model of the AEC is not affected by beam
hardening because it works on the values within the film itself.

Let T, 5 be the average energy imparted to the screen in an area A, directly above
the automatic exposure control, with » the total number of pixels in 4, and /: the energy
imparted corresponding to the pixel (=, y):

1
T&,”.:c:; 2 Iz, y) (4.11)

(=,y)€A

Let T 5~ be the average energy imparted required, and let /2'(=.y) be the energy
imparted at each pixel which obtains this average. The automatic exposure control
setting might equally be set by specifying an average film density, this value giving
T\ rc when converted to energy imparted.

In the new image, 77, £¢ is the average of the new energies imparted in the area A:

1
Foppe == 3 (zy) (4.12)

4
" (my)eA

Divide this equation by equation (4.11):

T
Y Flay) =22 3 Bay) (4.13)
(=9)€EA ARG (ry)€A
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Figure 4.2: The original mammographic image MMR1. The densest tissue is forward
of the automatic exposure control and consequently the image looks underexposed.

Figure 4.3: This image has the automatic exposure control positioned at the back wall
(the usual place), and the exposure is set to 121 mAs rather than 106 mAs, which was
the original exposure.
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From equation (4.10) it is known that increases/decreases in overall exposure have a
multiplicative, rather than additive effect on each individual energy imparted. Thus
the following relationship must hold for some A:

F{z,y) = AF(z,y) (4.14)

If A > 1.0 then the exposure is increased, if A < 1.0 then the exposure is decreased.
Combining equation (4.13) with (4.14):

A = SAEC (4.15)

The image given in chapter 1, figure (1.11), has the “control set” to give anaverage film
density of 1.8, this results in an almost identical image to figure (4.3). More information
is visible in the dense central areas, but information disappears in the darker areas
(effectively through over-exposure).

As well as adjusting the setting of the automatic exposure control, it is also possible
to adjust the position it is in. The automatic exposure control unit can be fixed into any
one of three positions underneath the breast, figure (4.4) shows the positions. To model
a change in AEC position is a just a simple process of changing the position of area A.
Figure (4.5) shows the effect on the original mammographic image depicted in figure
(4.2) of moving the automatic exposure control forward towards the nipple.

454 Analysing the image changes analytically

The effect of increasing /decreasing the exposure can be partly analysed by examining
the affect on the individual transmitted light values. Combining equations (4.1) and

(3.12) gives:
I

(AR (z,y))r°
where 7/ represents the transmitted light through the film after the increase/decrease
in the exposure. Let A be the multiplicative factor by which the imparted energies were
changed:

Ti(zy) = (4.16)

(2, y) = AF{z,y)
Substitute this into equation (4.16):

I
(BAE(z,y))

5
(3F(z,y) 1
Ti(z,v)

AN

Tiz.y)

i
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Figure 4.4: Original mammographic image, MMR1 with the automatic exposure control
unit marked in all the different possible positions.

[f A > 1.0 then the exposure is being increased and the intensity of the light transmitted
through the film falls; if A < 1.0 then the exposure is being decreased and the intensity
of the light transmitted through the film rises. Since 4 = 3, doubling the exposure
(A = 2)reduces the transmitted light vahzes by a factor of 8.

The effect of different exposures can also be viewed in terms of the range of trans-
mitted light. Let 7} ..., be the initial transmitted light range:

Ti range == Tioax — Timin
I I
(Alimin)? (Alimas)?
Substituting in the new imparted energies gives the new transmitted light range:

Tl’mn;- = n‘m_nm
B h It
T (BFmi A (BN
1

= ,\—77"1".,.,“
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Figure 4.5: Image MMRI1 with the automatic exposure control positioned as far as it
goes outwards to the nipple in practice, and set to give an average density of 1.5. The
control unit is around 3cm further in than was used in the original mammogram. The
original image is shown in figure 4.2

Taking the example above, doubling the exposure (A = 2) reduces the range of trans-
mitted light by a factor of 8.

The simulation of increasing/decreasing exposure described in this section not
only idealizes the functioning of the automatic exposure control unit, but also the
mammographic process: in practice, an increase in exposure would reduce the quantum
noise, and a decrease in exposure would increase the quantum noise.




CHAPTER 4. FUNDAMENTALS OF MAMMOGRA PHIC IMAGE PROCESSING 86

4.6 Correcting for spatially varying incident radiation in-
tensity

The incident radiation intensity varies spatially because of the anode heel effect and
diverging beam (figure 3.4). It is assumed that the variation is due to the number
of incident photons varying across the image rather than the relative incident energy
spectrum changing. The main variation is a smooth intensity reduction from the back
of the film out towards the nipple, and this can be as great as 25% of the maximum
value. The variation along the back of the film is much smaller. The spatial variation
of the incident radiation intensity is usually accepted under the premise that the breast
is less dense near the nipple and so the reduction in incident radiation intensity results
in a mammogram with more equal film densities.

The variation of the incident radiation Intensity can be measured by performing an
exposure with no object present, and the mammography machine set to 4émAs (a very
low exposure). The result of such an exposure is an apparently blank film with film
densities (on our system) in the range 2.1 to 2.5.

The film density on a mammogram is created by an exposure due to scattered
radiation, and an exposure due to primary radiation:

il

D(z,y) ~log,, 3F(=, y)

vlog, A + v log( Ful=, ) + Eul=,y)) (4.17)

il

It is known from equations (3.4} and (3.21) that F,(z,y) is related to N (=), the
number of incident x-ray photons with energy 17.4 keV at position (z,y):

E,,(z:, .’I)

28
;\76‘7{';‘4)(:5,11)/0 .\z'J(r) ES(E)C(E)« o~ Ater (EVhptars  —hieleswiF) g
£ 'B(i;.ﬁ)(ri !l} E; (Z, ‘,“I] v (4.18)

where F7%(z,y) is the part of the equation not dependent on Ngy («.y). Making
the assumption that the scatter contribution is also directly proportional to the total
number of photons, the scatter contribution can be written relative to N3y (. y) for
some 7z, y): .
Fulz,y) = N olr ) Tz, v) (4.19)

Substitute equations (4.18) and {(4.19) into the film density equation (4.17):
D(z,y) = 108,08 + 7 10g,o(Nigiy (= 4) (2, ) + N7 .0 (2, 9) ET (7, )

This equation gives the film density on the original film; this is the 6lm density with
the spatially varying incident radiation intensity. It can be rewritten as:

D(z,y) = 710810 ANGT 47, v) + 7108, o 7 (2. w) + 2 (2,v))
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Let the film density required be that from an incident photon numberof N3y ,,, where
this is the maximum incident number of photons along any ray over the image; this
will be beneath the anode. Call the required film density '(:, y):

D' (2, y) = 710810 ANGT 4y + 7 10810 157, y) + F7 (e, y))

then -
D (z.y) = Dz,y) +~ log,, (\\1;(17(4)_)) (4.20)
0(17.4)
Ifa filmis directly exposed to incident radiation, the spatially varylng incident radiation
intensity becomes evident For such a directly exposed film the energy imparted is
given by equation (3.17):

N;,}';',_,,)(z,y)/ N5 (F) B S(F) G(F) e~ Pyiar g
Npareley) B, (4.21)

Pl 4)

[l

where V3115 4(«, y) is the number of photons arriving at the point (=, y), and Fg?is the
part of the equation not dependent on Xg3), 4,(«, y). This imparted energy gives a film
density on the apparently “blank” image of:

Dalz,1) = 710gy0 # Na(ih 7.y} 5,

where 4 is the same as for the actual mammogram, but 4 may have changed to '
(possibly due to film reciprocal law failure). At the point where Ny (=, 4) = Nji 4
in the actual mammogram (Le. beneath the anode), the density in the apparently blank
image is:
Dj = 7logy # N5ty 4T

Subtracting,

Dh = Da(z,y) = ylog,, (\—tu@—) (4.22)

R(17. 4)( )
It was assumed in the model that the ratio of number of incident photons between any
two points remains constant no matter the mAs value, so that
\’0('17 4 N;;(‘."“)

Nyigalzn) — Ngghyle,y)
Thus, if the directly exposed image is registered with the mammographic image the
film density which is required N'(z,y) is given by substituting equation (4.22) into
equation (4.20):

D'(z,y) = D(z,3) + (D5 — Pa(z,v)) (4.23)

Figure (4.6) shows the effect of this transform on two mammographic images. As
expected, the images are slightly darker towards the nipple than the originals.
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Figure 4.6: The images on the Jeft are original mammographic images displayed as on
a light box. The images on the right are the images transformed to be as if a spatially
uniform incident radiation intensity was used. The images are darker towards the
nipple.

4.7 Summary of chapter

In this chapter it has been explained how mammograms are digitized, and how mam-
mographic images are displayed to preserve relative brightness. Furthermore, the
algorithms and theory which we consider to be fundamental to model-based mammo-
graphic image processing have been explained. Figure (4.7) shows the relationships
between the various images, and the analogue and digital domains.

In terms of the overall aim of our modeling, this chapter has filled in the early stages:

» The pixel values in the mammographic images can be converted to film densities,
using a fixed linear relationship:

P(z,y) — 2732

M=) = ——557
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¢ The film densities can be corrected to the values which would have been recorded
had the incident radiation intensity been spatially uniform

D(z,y) = Ple.y) + (Dj — Dalz,y)),

where D3 is the maximum film density on an apparently blank film which has
been exposed to the x-rays with no attenuation material in the way, and Dg(=,v)
is the film density on this apparently blank film at the position (=.y).

With the corrected film density and a scatter estimate (given in chapter 5)the equations
in chapter 3 can be used to find the thickness of interesting tissue and a mammogra phic
examination using a monoenergetic beam can be simulated (also in chapter 5). Alter-
natively, from the film density the relative energy imparted to the intensifying screen
can be found and different exposures simulated:

o (w,y) = %]O(Dfﬂ-ylh)

e Change the mAs exposure value from X, to X/:

F'(e,y) = %F(m,y)
Similarly, the automatic exposure control can be modeled to manipulate the image.
The automatic exposure control model which was devised in this chapter is based
on adjusting the imparted energies in a multiplicative way within a certain region of
the image until the required average is found. It is this simple model which is used
in chapter 5 to “terminate” the theoretical exposure once the image has become dark
enough.

To display the new images, the imparted energies are transformed back into film
densities which are then converted to pixe] values using an equation designed to keep
the same relationship between luminance on the terminal screen and transmitted light
through the film:

e Convert energy imparted to film density:

D(z,y) = vlog (4 F(z,v))

¢ Convert film density to pixel value:

P(z,y) = 508.8 10~ Pt=)/
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Figure 4.7: Flow chart of relationships between transforms explained in this chapter.




Modeling Scatter

5.1 Introduction

We consider scattered radiation to be the key degrading factor in mammographic
images. We believe this because not only does scatter significantly degrade the image,
but removal of the scatter component from the signal allows quantitative measures of
the breast tissue to be found, and with these measures simulation of the mammographic
process with a monoenergetic beam can take place. In this chapter we propose two
models of scatter, and subsequently simulate a monoenergetic examination.

Scattered radiation degrades mammographic images through imparting asmoothly
varying energy component to the intensifying screen. The scatter component carries
no information about the breast tissue on the specific x-ray path from source to pixel,
although as we show in the section (5.3.3) it does contain information about the breast
tissue in the Jocal area (in fact, our second scatter model uses the reverse of this finding
to estimate the scatter component given some measure of the local tissue). The image
degradation due to scattered radiation is usually considered in terms of either a contrast
measure or “scatter degradation measure”; both of which are appropriate in simplistic
cases, but not in real cases with complex imagery.

Few papers on the removal of the effects of scattered radiation from x-ray images
have been published, and none specifically for mammographic images. One approach
has been to consider the scatter component as a blurred version of the original and
then to subtract it {71]. This is similar to the second model we propose in this chapter
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except that we work on an image with the imaging parameters removed and not the
original. Another approach is to consider the original as blurred, and to sharpen it
by estimating the point spread function for scattered radiation and deconvolving {86).
The first ap proach is more appropriate with mammographic images because scattering
is a contrast forming phenomena, as well as a contrast reducing phenomena.

There are two different contributors to what we term scattered radlation: the breast,
and various components of the mammographic system. The amount of scatter reaching
the intensifying screen within the breast shadow has been dealt with in several papers,
but the scatter reaching the intensifying screen around the edge of the breast is much
less well documented. At the breast edge a substantial scatter component is present
(figure 5.16), despite the scatter from the breast tissue coming only from one side. The
increased scatter component is apparently due to extra-focal radiation (the x-ray beam
is collimated to the area of the film, not the area of the each specific breast), and breast
edge effects. “Breast edge effects” refers to the curved nature of the breast edge which
allows easier passage of scattered photons to the intensifying screen.

There have been a number of papers in the medical physics literature on scattered
radjation in mammography, and these papers together with their results will be intro-
duced as the scatter models are developed. These previous papers have mostly been
written witha view to estimating the quantity of scatter, and to investigating the trade-
off between the benefits of using an anti-scatter grid and increased radlation dose to
the breast. Furthermore, none of these papers has been written with a view to digital
removal of the effects of scatter. However, it is these papers which provide much of the
evidence for the scatter models which we propose in this chapter.

The problem of scattered radiation in radiography Is similar to problems which
occur in remote sensing and other vision areas. In particular, techniques developed in
lightnesscomputation, such as homomorphic filtering, appear at first sight to be directly
relevant since the scatter component is additive once the original image is transformed
into an energy imparted image. Such filtering relies on determining, and being able to
use, a property of the unwanted signal component which enables it to be distinguished
frorn the wanted signal component. Typically, the unwanted signal is assumed to vary
spatially smoothly, while the wanted signal has many sharp changes corresponding to
localised structures such as calcifications. The blurred appearance of mammographic
images suggests this is a reasonable assumption to make about the scatter (unwanted)
and primary (wanted) components. We experimented with homomorphilc filtering to
remove the scatter component but gave up when it became apparent that the primary
and scatter components have overlapping characteristics; which theoretically rules out
use of the approach. For example, although the scatter component varies smoothly
across the image, in places the primary component also varies smoothly.
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Having failed to satisfactorily (let alone reliably) remove the effects of scattered
radiation with conventional techniques, we returned to the ideology of this thesis and
studied the physics of the system to develop two scatter models. The first model (the
“constant scatter model”) simply assumes that scatter is a uniform flood of radiation
after the spatially varying incident radiation intensity has been compensated for. The
second model (the “weighted scatter model”) is less naive and is based on the (rea-
sonable) conjecture that the scatter component /7, (...} is related to the values of the
energy imparted to the intensifying scxreen /i(x,y) for {z,y) in a neighbourhood
surrounding the pixel (z., y,).

After developing the second model we verify the results by transforming the pri-
mary component f%,(«.,y.) at each pixel into the thickness of interesting tissue which
must have been present between the pixel and x-ray source (using the equations in
chapter 3). Several tests have been performed on the “interesting tissue” images, and
the results are extremely encouraging. On the basis of knowing the thickness of inter-
esting tissue ;. for each pixel, the results of simulating the mammographic process
with a monoenergetic beam are shown with various photon energies. In this way any
contrast loss due to beam hardening is corrected, and the energy of x-ray beam opti-
mised for image quality, rather than for low radiation dose to the breast. The chapter
concludes with the automation of the choice of photon energy.

5.2 Constant scatter model

The first scatter model which we propose is based on the observation that in many
radiographic problems, scattered radiation can be considered as a uniform flood of
radiation over the image surface. Assuming this is not as dumb as might be thought;
in fact the assumption holds for small objects, but not for large objects such as breasts.
This model is not offered as a serious model, but rather to illustrate what might be
achieved if such a model were available.

In terms of the mammographic model proposed in chapter 3, the constant scatter
observation translates to the scatter component of the energy imparted to the intensi-
fying screen being constant across the image. To make the observation more realistic
for mammography, we assume that the energy imparted to the screen due to sattered
radiation is constant affer the image has been corrected for the spatially varying inci-
dent radiation intensity. With this assumption, the effects of scattered radiation can be
removed without knowing the absolute value of the constant.

After compensating the image for the spatially varying incident radiation intensity,
the energy imparted to the intensifying screen in the area corresponding to pixel {z, ».)
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can be found by rearranging equation (3.12):
Flee) = 51070900 (5.1)

This energy is assumed to be equal to a primary component (/7,), which varies from
pixel-to-pixel and a scatter component (f2,) which is assumed constant across the image:

F{zy.) = ’;p[“:u.“/']+ L.

Let F.... be the minimum energy imparted to the breast image (after segmentation
of the breast area from the film and, if appropriate, pectoral muscle). This energy
corresponds to those pixels in the image with the minimum imparted energy due to
primary photons, /7,,.:», and the minimum film density, D,.,.:

Fomiin =

Since the scatter component F7, is assumed constant across the image, the difference
between the primary component at pixel («.,y.} and that at the minimum can be
calculated:

lilzcne) = Fplze.) — Fpmin
= (E(zc, yr) - F;,J - (E""" - E‘)
= E(-’”m U(:) = liin
_ 1 Dy /y 1 Domand ¥
P 10 510

i

%(wn(n,w)h — 10”»---{7)

I

The mammographic process is designed to show relative changes in imparted energy.
Itis thereforeappropriate to transform /7, back to a film density as if it were re-ex posing
the film using equation (3.12):

Dizc,y.) = v logg A (2, ye)

However, naive application of this process (substituting z, for fi{z.,y.)) yields loga-
rithms of numbers less than one. To solve this problem an offset ;» is added to 77,:

D(ze,3:) = 71080 3(Fp(2Zer ) + )

The offset is determined by calculation of the additional imparted energy needed to
make N{z.,y.) give the minimum film density displayable when £, (z.,y.) = 0. The
complete constant scatter algorithm is shown in table (5.1).
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The need for an offset corresponds to the fact that if anti-scatter grids are improved
in terms of their rejection of scatter then the radiation dose to the breast has to be
increased in order to produce a viewable image on the film. This increase in radiation
dose to the breast is a powerful argument for inteiligent software remaval of the effects
of scattered radiatjon rather than the hardware solution provided by the grid.

Figure (5.2) shows the output from the constant scatter algorithm when presented
with the original image shown in figure (5.1). Another example is shown in figure (5.4),
with the original in figure (5.3). A further example was given in figures (1.1) and (1.6)
in chapter 1.

The constant scatter algorithm clearly enhances the images and it is easy to see why
it should. The transmitted light (7;) coming through the film in the area corresponding
to pixel (., y, ) is related to film density:

Tz y.) = 107 Pl
The film density 0(=.,y.) is in turn related logarithmically to F(=.. 5. ):
D{z..y.) = ~vlog,( S (., 5.))
Thus:

Tz, ye) = 51107710810 (AF (2 we))
= I{Aliz,y))™

ha~

fi(ze,y.)

Given that v > 3.0, it is evident that for the same absolute range of F(z,,y.), the
smaller the absolute values, the greater the range of 7, and the greater the contrast.
The constant scatter algorithm simply shifts the absolute values of imparted energy
down to where the transmitted light range is maximised for the absolute energy range.
It follows that the constant scatter algorithm will enhance any image whose minimum
density is greater than the minimum displayable - in this study the minimum value is
0.6, although a film and lightbox can display densities down to 0.2. The transformation
between input transmitted light and output transmitted light is shown in figure (5.5)
for various D,.;,. In essence, the information in the output image is the same as it was
before scatter removal, but the displaying of this information is being optimised.

The constant scatter algorithm algorithm is susceptible to noise in that an erroneous
value of N,,.. (possibly from poor segmentation of the breast from the background)
seriously limits the enhancement. It might therefore be better to make the algorithm
more robust by, for example, setting 1,... to the first value with a certain number of
occurrences.
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f { Constant Scatter Algorithm

| Assume | After the spatially varying incident radiation intensity has been
compensated for, the scattered energy component imparted
| to the intensifying screen is constant across the image.

Input Original mammogram D(=,y), film/screen gradient ~,
reference density D,.; and “blank” image Dg(x,y).

(1 Compensate tor spatially varying incident radiation:

D'z, y) = Dz, y) +{Dg — Da(z,y))

Where /'(z, ) s the corrected film density,

D{z,y) is the original film density,

D3 is the film density on the “blank” image beneath the anode
and Dg{z,y) is the flm density on the “blank” image

2) Calculate 4 from the reference density this is also the density
under the anode (DA): 4 = 107~/

(3) Find 7, from the compensated mammographic image (after

man

careful segmentation of the breast area from the image).

0] For each pixel calculate the assumed difference in imparted
primary energy between the pixel and the pixel where 7 .
is situated:

Er("""d’] = Eﬂ(‘”a-’l] — Foenr

Floy) = %(100‘(1'-,14).’1 — 107met7)

5) Calculate offset (), this is to ensure that the final image has
a minimum film density of 0.6 (ie. when I, = 0):
I L= %;]0“-‘/1

(6) Calculate new energy imparted :

oz, y) = ¢ + EP(I,?I]

%) Calculate new film density:
Dree(e,y) = v1og (A F""(%,y))

Table 5.1: The “constant scatter algorithm”




Figure 5.2: Result of the constant scatter algorithm for image MML1. The image has
been corrected for the anode heel effect, had a constant scatter factor removed and has
then been transformed back to an image recognisable by a radiologist.




Figure 5.4: Result of the constant scatter algorithm for image FDL1. The image has
been corrected for the anode heel effect, had a constant scatter factor removed and has
then been transformed back to an image recognisable by a radiologist.
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Figure 5.5: The transformatijon between input transmitted light and output transmitted
light from the constant scatter algorithm. The transmitted light is given relative to /;,
so that a film density of 1.0 is plotted as 73 = 10~"° = 0.1. The algorithm sets a variable
depending upon the value of the lowest film density /,.,,, within the breastimage, and
these values are marked on the curves.

The constant scatter algorithm works by reducing the imparted energies to the
intensifying screen by a constant Reducing the overall exposure to the breast does
not achieve similar results because changing the overall exposure has a multiplicative
effect on imparted energy (as shown in equation 4.10) rather than an additive one. It
should also be noted that quantum noise is inversely related to exposure; thus with
this algorithm a large 7; range is obtained as for a smaller exposure whilst retaining the
smaller noise effects of a larger exposure. Ignoring a constant energy term in practice
increases photon noise as well as running into the problem of estimating how much of
the signal must be ignored, not knowing the breast consistency to begin with.

There are other possibilities for mapping from £, to film density. One such possi-
bility is to find the range of I, and interpolate this onto the range of energies which
produce film densities in the visible range. However, such a scheme whilst certainly
improving contrast in the bright areas might also reduce contrast in the dark areas, and
would be in general unpredictable. A more sensible method would be to estimate the
absolute scatter component, remove it, and then apply the AEC model from chapter 4,
but since the constant scatter assumption is simplistic such an estimate should not be
made.
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5.3 Weighted scatter model

5.3.1 Introduction

The “weighted scatter model” is based upon the conjecture that the amount of scattered
radiation I7,(z,.y,) is related to the values of FZ(x, y) for (x,y) in a neighbourhood %
surrounding thepixel (z,,y.). The nature of this relationship is highly complex and is
inevitably approximated. In effect, the values of (=, y) in a neighbourhood are used
to estimate the composition of the local tissue, and from this composition the scatter
component is estimated from published data. However, tissues nearer to the central
pixel effect the scatter component more than those tissues further away, and so the
values of F5{x,y) need to be weighted to reflect this.

The method of weighting is based upon defining a “scatter volume”, which rep-
resents where the scattered photons reaching an area of the intensifying screen corre-
sponding toa pixel actually come from. We derive a scatter volume from the empirical
published data reported by Barnes and Brezovich {4] for a homogeneous lucite phantom
with no anti-scatter grid. The formula of Dance and Day [19] for an anti-scatter grid is
then used to estimate where the scattered photons reaching a pixel actually come from
with a grid. From this, a weighting mask (=, y) is derived which represents for each
pixel in a neighbourhood .\’ of the central pixe] what percentage of the total scattered
radiation comes from the vertical column of lucite at that pixel

Theaim is to convolve the weighting mask «: with the imparted energy image % to
give an image I":
Ulze,p) = Z F(z. — z,y. — y)w(z,y) (5.2)
(o =2y —yg)EN
The values in image [ are input to a “scatter function” » which estimates the scatter
compornent F7,(z.,y. } at each pixel (=, .). The scatter function « is found using three
example cases where the entire volume of breast tissue being irradiated is considered to
be: 100% fat; 100% interesting tissue; 50/50 fat/interesting tissue by mass. For each of
these cases an estimate of the energy imparted due to the primary component (72,(x, y))
is made using the breast thickness (/7) and exposure (X, mAs). The values of Carlsson
etal. [11] for the scatter-to-primary ratio (%) in the three examples cases are then used
to estimate the total energy imparted F(z,y):

Fi(z,y) = FEplz.y)+ F(z,y) (5.3)
= Fp(z,v)+ £ F(=y) (5.4)
= TI(z,y)(1+ %) (5.5)

Using 72(x,y), the value of I can be determined for the three example cases and the
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relationship between (/ and %, found, giving the scatter function s:

Fuzoy) = (U 4)) (5.6)

Application of the weighting mask at the breast edge with the film has to take into
consideration the effects of extra focal radiation and the breast edge shape, both of
which are significant. To model these effects, the amount of scattered radiation at the
breast edge is estimated from the values reported by Lam and Chan [63]. This enables
the value to be used when the weighting mask falls on a pixel outside of the breast
shadow, but on the film, to be found (F,,..). If the weighting mask falls outside of the
image altogether a value of zero is used. This reflects the fact that the radiation field is
collimated to the area of the film.

The mammographic images in this thesis are cranio-caudal views of thebreast, while
those produced by screening programunes are usually of the medio-lateral view. Medio-
lateral view mammograms show the pectoral muscle diagonally across the back of the
image. This would not present a problem to the weighted scatter algorithm since the
pectoral muscle is highly absorbing, and the amount of scattered radiation emanating
from it and reaching the important part of the image (i.e. the breast area) is minimal
and can be treated as zero.

Given the weighting mask, scatter function and edge effect value F.,,, the primary
component of the energy image can be found. This component cannot be used directly
to re-expose the film theoretically because it is too small to create a decent image (the
film would appear under-exposed). To get around this the automatic exposure control
is modeled as in chapter 4, and this is used to increase the primary component to a
large enough level to produce a perceivable final image.

The calculation and removal of scatter using the “weighted scatter model” is out-
lined in figure (5.6). The method described is a variant of a common way toenhance
features and edges: subtracting a blurred version of the original from itself. The dif-
ferences are that in our case the original has been transformed to an energy imparted
image first, and all the variables have been derived from measured data. Thus, for
example, there is no need to guess the degree of blurring required or a suitable mask
size. There are of course approximations and simplifications in the work, and these are
pointed out as the details of the algorithm are presented.

5.3.2 Defining scatter volume with no grid
The first step in the algorithm shown in figure (5.6) is to define where the scattered

photons reaching an pixel (., y.) come from without an anti-scatter grid. No data has
been published for this, but it is derivable for hucite (which approximates 50% fat and
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Weighted Scatter Algorithm

Input : Original Image DXx,y)

Breast thickness (H cm) and Exposure (X¢ mAs)
Calibration data

¥

Correct for spatially varying incident radiation intensity
and produce energy imparted image E(X,y)

[

Estimate "scarler volume™ for breast thickness H with
no grid (using Barnes and Brezovich's data for lucite).

(1

Estimate scatter volume for breast thickness H with grid
using the data of Dance and Day and the previous estimate.

]

Produce weighting mask (w)

[]

Predict energy imparted for reference tissue mixtures. Find scatter function (s),
which takes predicted energies convolved with W to scarter estimate.

1

Estimate the effect of extra-focal radiation and the breast edge, using Lam and

Chan’s results, to give Eout, the value used when w falls outside the breast,
but on the film.
¥

Convolve w with E(x,y), and use scatter function to estimate scatter component

Es(x,y) at each pixel. Subtract this from E(x,y) to give the primary Ep(xy).

¥

Take the primary signal Ep(x,y) and “increase exposure” using a model of an

aulomatic exposure control to give a viewable image on the "film™.

Figure 5.6: Outline of weighted scatter algorithm
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Figure 5.7: Variation of scatter to primary ratio with radiation field diameter when no
anti-scatter grid is used, according to Barnes and Brezovich [4].

50% interesting tissue by mass) using the results published by Barnes and Brezovich
f4].

Barmes and Brezovich measured the number of scattered and primary photons
reaching a Nal(T]) crystal detector having passed through a circular hucite phantomn
14cm in diameter. They varied the thickness of the lucite and the diameter of the
circular radiation field. The measurements were carried out without an anti-scatter
grid and were taken beneath the centre of the lucite. Although the exact circumstances
which they used are different from those in modern mammography, their results are
appropriate because it is not the exact values of scatter-to-primary which are required,
but the percentage of the total scatter coming from various distances.

Figure (5.7) gives the measured scatter-to-primary ratio for different diameters of the
radiation field. The thickness of the phantom is fixed for each curve, thus the primary
component js constant. That is, the rate of change of the curve gives the rate of change
of the scatter component with increasing field size, and so it is possible to deterrnine
the percentage of the total scatter reaching the detector from various distances.

In order to accommodate any breast thickness, a linear relationship between the
scatter-to-primary ratio and phantom thickness is assumed for any fixed field diameter.
This allows us to interpolate, or extrapolate, to find the scatter-to-primary ratios for
phantom thicknesses other than 3 or 6 an. This assumption is in agreement with the
linear relationship Barnes and Brezovich found between scatter-to-primary ratio and
phantom thickness for a large radiation field diameter, figure (3.6).
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Let 2(r) be the scatter-to-primary ratio for a phantom of thickness /7, radiation field
radius r, and let dr be a small increment in the radius. Let 77,(r) be the total energy
imparted to the detector due to scattered radiation from the lucite phantom when the
radiation field hasradius r, and let /7,(r) be the primary component of the total energy.
The amount of scattered radiation d77,(r) coming from the cylinder of lucite defined by
the inner radius rand outer radius r + dr (as shown in figure 5.8) can be calculated as
follows:

d:r':,(r] = E,(i'-{- di') - l';,(f’)
(r+ dr)i(r' + dr) — Ep(r')i(r')
Fyp (2(r + dry = 2(r)) 5.7)

fl

using the fact that the primary component 7, is constant with a fixed phantom thickness
IT.

The amount of scattered radiation reaching the detector effectively stops increasing
once the field radius is greater than some radius 2. The stopping radius /7 increases
with phantom thickness /7. At this radius, the scatter-to-primary ratio is 2(1?), and the
total scatter can be written as follows:

Fiu(R) = T2 (R) (58)

Thus the proportion of the total amount of scattered radiation coming fromany cylinder

as described above is:
dr(r) _ :(r +dr) — 2(r)

= 59
A =) G

This equation allows the percentage of the total amount of scattered radiation coming
from the hollow cylinder with the width of a pixel and various radii to be estimated.
Figure (5.9) gives the results from these approximations for the situation in which the
detectorjs considered to be the centre pixel and the radius is in terms of pixels.

These results form the basis for deriving the weighting mask «: which represents
where in a neighbourhood around each pixel the scattered photons come from. The
derivation assumes that the mask derived for lucite is similar to that which would
be found for fat and interesting tissue. This is only an approximation as shown by
apparent differences in the scatter distributions of different materials and different
photon energies [55], [61), [70]. There is also differential absorption of the scattered
photons, depending upon incident angle, by the intensifying screen.

In order to apply the grid data to the results presented, some knowledge is needed
of the angle at which the scattered photons arrive. This requires an assumption about
the height of the scattering locations within each hollow cylinder. We assume that the
initial scattering locations are distributed evenly. Consider a typical hollow cylinder,
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n wbes
dr /
{x/n)% of photons come
from the tube created by ‘_
rotating thisthrough ~
36% degrees dh H

scatter armival angle

t

x% of photons come from the cylinder created by rotating this through 360 degrees

Figure 5.8: The data reported by Barnes and Brezovich [4] allows us to estimate the
percentage of the total scattered photons coming from any chosen cylinder (top) and
reaching the detector. In order to use the grid data reported by Dance et al [20], the
scatter arrival angle needs to be known. In order to know this, we divide the cylinder
into n horizontal tubes and assume an equal percentage of the scattered photons comes
from each tube.
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Figure 5.9: Percentage of total scatter coming from the hollow cylinder with the width
of a pixel (0.3mm) and various radii for a lucite phantom of various thickness. Derived
using the results of Barnes and Brezovich [4).

and divide this Into n horizontal tubes, figure (5.8). Let =% be the percentage of the
total scattered photons reaching the central pixel from the cylinder. The percentage of
the total sattered photons reaching the centre from each tube in the cylinder is z/n %
with our assumption. In our implementation, each hollow cylinder is divided into
1mm high tubes, so that n = 10//. Let p(r, ) be the percentage of the total scattered
photons coming from the tube with inner radius r, outer radius r + dr, lJower height 2
and upper height A + di. From the assumption of even distribution:

_ dl(r)
pr by = E(Rn

(5.10)

The evenly distributed assumption is made on the basis that although photons scattered
nearer to the detecting pixel have less tissue to pass through and are therefore less likely
to be artenuated, the actual number of photons further away from the detecting pixel
is far greater.

The possibility of a scattered photon reaching the intensifying screen having been
multiply scattered is not considered in this model because the scattering location being
found Is the initial scattering site, rather than the final scattering site. This has conse-
quernces when the grid data is applied because the angle from initial scattering site to
pixel is used rather than the final angle. It is conjectured that this will not be significant
and the results in the next section appear to vindicate this.
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5.3.3 Defining scatter volume with grid

Mammography in the UK is always performed with the aid of an anti-scatter grid. This
grid prevents photons traveling in unexpected directions (with respect to the source
and position on the film) from reaching the ilm. Dance and Day [19]derived a formula
expressing the transmission of photons through the grid as a function of varying
directions and their later paper [20] reproduced the results with the transmission values
integrated over the azimuthal angle, figure (3.8). This figure shows the values for
transmission relative to that of primary photons. The primary photon transmission
versus energy is shown in figure (3.7). The values given in these figures are for photons
with energies between 12.5keV and 25keV. This does not quite cover the range of
energies used in mammography but suffices since a massive proportion of the photons
are within this range. Let {(0) be the relative transmission through the grid for a photon
with scatter arrival angle 7.

Using the scatter volume derived from the work of Barnes and Brezovich, the
percentages of scatter from the various initlal locations are redefined by application of
Dance and Day’s grid transmission values for the angle at which the photon would
have arrived at the grid if singularly scattered. For simplicity, rotational symmetry
is assumed and the grid transmission values integrated over the azimuthal angle are
used. Let p,(r, i) be the percentage of the total scattered photons, when an anti-scatter
grid Is used, coming from the tube with inner radius r, outer radius r + dr, lower height

I, upper height h + di:
0 = tan™! (i)
A

Py(r, h) = plr, W)U(0) (5.11)
Figures (5.10) and (5.11) show p,(r, ») summed over / foreach r, for phantoms 3cm and
6cm thick respectively (effectively showing the amount of scatter from each cylinder).
As expected, a greater proportion of the scattered photons come from nearerthe centre
pixel when an anti-scatter grid is used. This effect is unavoidable if the primary signal
is not to be attenuated greatly.

The values of p,(r, k) are quantized into weighting masks v where the value (or
height) at each pixel is directly proportional to the percentage of the total scattered
radiation coming from the column of tissue above that pixel and reaching the central
pixel. The masks vary for each breast thickness; the thicker the breast the more likely
that the scattered photons come from further away. Figures (5.12) and (5.13) show the
masks for 3cm and 6cm as three dimensional plots.

The reduction in scatter-to-primary ratio that application of the grid formula pre-
dicts i3 of the same order that Carlsson et al. [11] report in their theoretical study (a
reduction factor of between 5 and 6). The values are not directly comparable because
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Figure 5.10: Percentage of total scatter coming from the cylinder with radii as marked,
for a Jucite phantom of thickness 3cm. The curves for both with and without grid are
marked. Notice how the grid makes the scatter much more dependent on the local

tissue,
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Figure 5.11: Percentage of total scatter coming from the cylinder with radii as marked,
for a lucite phantom of thickness 6cm. The curves for both with and without grid are

marked.
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Figure 5.122 The weighting mask derived for a breast of thickness 3cm. This mask
represents where the scattered radiation comes with the centre of the mask being the
pixel of interest, and the height being directly proportional to the amount of scatter
coming from that column of tissue.



CHAPTER 5. MODELING SCATTER 110

Figure 5.13: The weighting mask for a breast of thickness 6crm. This mask represents
where the scattered radiation comes from with the centre of the mask being the pixel
of interest, and the height being directly proportional to the percentage of the total
satter coming from that column of tissue. The range from which the scattered photons
come increases with breast thickness, and thus this mask is shorter but broader than
the previous one.
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Carlsson et al. use breast tissue rather than lucite, and photon energy has an important
bearing on the result. As an example, our method predicts a reduction factor of 5.8 in
the scatter-to-primary ratio when the primary transmission is considered at 20keV and
the lucite is Sem thick, compared to the reduction by a factor of 5.2 which Carlsson et
al. report for a 5cm thick breast consisting of 50% fat and 50 % glandular tissue by mass.
This supports our earlier assumptions about the initial scattering locations and scatter
arrival angle.

The use of an anti-scatter grid obviously reduces substantially the amount of scat-
tered radiation. Despite this, it is of concern that using the grid makes the scatter
component more reliant on the local tissue, and is thus of a higher frequency than
would be the case with no grid. This suggests that removing the scatiered radiation
digitally when a grid is nof used might be a good deal easier than whena grid is used
with the enormous consequences of avoiding the large increase in radiation d ose to the
breast which occurs with grid use.

5.3.4 Estimate “scatter function”

A weighting mask w:(«, y) has been calculated which represents the percentage of the
total scatter reaching the central pixel coming from the column of lucite above each pixel
in the neighbourhood V. The aim now is to estimate the amount of scattered radiation
at the central pixel by convolving the weighting mask with the imparted energy image
Fi(«,y), and using the resultant convolution sum as the input to a “scatter function” ».
It is this function which is determined here.

Let I/(z.,y.) be the convolution sum at the pixel (z., . }:

Ulzian) = Z Elz. — z,y — y)hu(s.y), (5.12)
(#n=2,9-—y)EN
where A’ is a neighbourhood around (z.,.) assumed initially to lie completely within
the breast shadow. The neighbourhood required contains most of the initial scatter
locations, and can be determined when creating the weighting mask. The neighbour-
hood size increases with breast thickness. The relationship between {7 and scatter is
determined using three example cases.

Carlsson et al {11] calculated theoretically the scatter-to-primary ratios for blocks
of both homogeneous tissue (100% fat, 100% interesting) and blocks of 50/50 fat to
interesting tissue. These ratios are shown in table (3.2). The scatter-to-primary ratios
given by Carlsson et al. do not include the effects of extra-focal radiation and are
averages over the breast shadow. They report that the scatter-to-primary ratio for a
point in the centre of the breast is around 15% higher than the average.
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For each of the example blocks of tissue the relative energy imparted to the intensi-
fying screen due to primary photons can be estimated from equations (3.18) and (3.21)
for each specific breast thickness and exposure :

E'”"’(:rr, 5T
D (Ic, ,'I() = I—‘T
r EX',,‘,
-Yc ﬂ]ZB A\.'Cri( EJ 1D c;(EJ C( E) "—;.;‘,[E)h,zu.. r."‘f‘[" "—’"E)dﬁ
Xt & N§UE) T S(F) G(F) e tiarPhsnc- 4T,

., (5.13)

where hij(z, y; I2) is the combined linear attenuation at energy F of the different tissue
combinations.

Once F{z.,y.) is known, the scatter-to-primary ratio can be used to find Z{z. ,¥.)
from equation (5.5). Knowing this, the convolution sum {/(x,y.) can be found for
each of the different blocks of tissue at the specific breast thickness as can the energy

imparted to the screen due to scatter:

FolZeyne) = Fplzenwe) X % (5.14)

The function s from convolution sum to scatter can be approximated with the three
known values of the convolution sum and energy imparted due to scatter. In fact, this
function turns out to be linear, figure (5.14). Since 100% fat and 100% interesting tissue
are the two extreme situations, any heterogenous tissue block will have a value of I”
between them.

We propose that using this function the scatter component at any pixel in an image
ofa heterogeneous breast can be found by using the appropriate weighting mask for the
breast thickness convolved with the real imparted energy fi(+, ) as the input. In effect,
we are using the convolution sum to estimate the composition and placement of the
local breast tissue, and then mapping this estimate to a value of the scatter component.

The model does not, and cannot, differentiate between a block of fat with a layer
of Interesting tissue at the bottom and a block of fat with a layer of interesting tissue
at the top. In both these cases the primary energy imparted will be the same, yet it is
likely that the scattered radiation distribution will be different. No data is available to
indicate the potential error here.

A further source of concern is that the scatter model depends on the relationship
betweenenergy imparted to the surrounding neighbourhood and scatter component at
the central pixel. In fact, the energy imparted to the surrounding neighbourhood itself
dependson the scattered radiation coming from the tissue outside the neighbourhood.
Again, it is difficult to judge the error, but one might consider a two-pass algorithm
in which the second pass uses the predicted primary components to predict more
accurately the scattered components, which are then used to update the primaries.




CHAPTER 5. MODELING 5CATTER 113

Relanive energy imparted 100% fat
due 10 scatered photons ‘
o1 50/50 fat/interesting
il ¢
100% interesting
0.05¢ '
0.0 0.2 0.4 0.6 0.8 1.0

Convolution sum U

Figure 5.14: The scatter function s from the convolution sum L’ to scatter component,
for breast thickness 6.5cm. The convolution sum {7 for the three references cases are

marked.

5.3.5 Estimating extra-focal and breast edge effects

The scatter function » and weighting mask w: are an effective way of describing the
relationship between the energy imparted to the screen in an area around a pixel and
the scatter component of the imparted energy at that pixel. However, this relationship
only holds in the areas of the breast away from the breast edge. As the breast edge is
approached extra-focal radiation and breast edge effects become apparent [20], [63].

At the edge of the breast (ie. at the border with the film, not at the border with
the chest wall), the thickness of the breast decreases rapidly. This has two effects: the
amount of scatter produced in this area of the breast and travelling towards the screen
is reduced, but scatter has to pass through less tissue to reach the screen.

Lam and Chan [63] investigated the image improvement obtained when a balloon
full of water (similar attenuation properties to our interesting tissue) was put around
the edge of the breast. They found significant image enhancement by this process and
concluded that one of the reasons was the reduction of scattered radiation (along with
compression of the dynamic range) .

Figure (5.15) shows the scatter-to-primary ratios which are derived from thescatter
fraction reported by Lam and Chan for a series of points along one radial of their 4. 5cm
thick water phantom, an anti-scatter grid was not used. There is a large dectease in
the ratio towards where the chest wall would be. This decrease is due to the sattered
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Figure 5.15 Scatter-to-primary ratjo found by Lam and Chan [63] for a 4.5cm thick
water phantom without an anti-scatter grid. The phantom has uniform thickness up
to 8.5cm. The decrease at the chest wall is due to scattered radiation only coming
from one side. The increase at the breast/film interface is due to breast edge effects
and extra-focal radiation. The ratio dips close to the edge due to the water phantom
thickness decreasing rapidly and the consequent rise in the primary component, rather
than the scatter component reducing.

radiation only coming from one side. Towards the phantom edge there is a large
increase. It is here that extra-focal radiation and the phantom edge play their part. The
scatter-to-primary ratio starts to increase well within the phantom (before the thickness
starts to decrease at 8.5cm); this reflects the penetration of the extra-focal radiation.
The decrease in the scatter-to-primary ratio after 8.5cm reflects the fact that the primary
is now rising rapidly due to the decreasing phantom thickness. Figure (5.16) shows
the relative scatter component of the signal computed by multiplying the scatter-to-
primary ratios by the relative primary components, which were also reported by Lam
and Chan.

When the weighting mask w is applied at the very edge of the breast, around half of
the mask falls outside the breast area and half inside. Thus, without taking any account
of the edge effects, the scatter component at the edge is already being partly estimated.
In fact, the estimate is similar to that at the chest wall where the convolution uses zero
if the mask falls outside the breast image. Taking this into consideration, the edge
effect value f7,,, (the value to use when the mask falls outside the breast area but on the
film) must refer only to the excess scattered radiation reaching the film and extra-focal
radiation. Letting B be the breast area, and 7 be the whole image, the convolution sum
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Figure 5.16: Relative scatter component for a 4.5cm water phantom, clculated from
the values reported by Lam and Chan [63]. Notice that the scatter component rises
rapidly near the breast edge with the film, this is in spite of the fact that the scattered
radiation from the breast itself is only coming from one side (the same as near the chest
wall). Extra-focal radiation and the breast edge are obviously having a large effect.

[’ becomes:
Uleoy) = Bz, — .. — y)wlz,y) + S Frowitr(, 1)
(£n =5,y ~y)E(NNB) (£, —2.y-~y) E(NNB NT)
= Z (e, =z —yywlz,y) + Fou Z w(x,y)
(4« —ru-—g)E(NNB) (2. =2, —y)E(NENT)

In order to find .., the minimum and maximum scatter contributions are estimated
along a line from the middle of the chest wall out to near the nipple. The minimum
scatter exists at the back of the breast, well away from the breast edge and extra-focal
radiation. Consequently, it is possible to use the weighting mask w and scatter function
« to determine the minimurm scatter f7,,,,,,. The ratio of maximum to minimum scatter
from the data of Lam and Chan is now used to determine the maximum scatter 77,,.......
Let U,.,, be the convolution sum necessary to be entered to the scatter function + in
order to give [%,,q.
Upar = .xtl(ﬁ,,,,,,, )

It is this sum which is required when the weighting mask is applied at the breast edge
{x.,¥.), and hence I, can be determined:

Uiz = > Iz, — 7,5 ~ y)u(=z,y)
(=~ —=4- —y) E(VNB)
w(z,y)

(£e—x,y- —y)E(NNBNOT)

Elml =

' {5.15)
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The ratio of maximum to minimum scatter has to be taken slightly inside the breast
edge because the digitizer cuts off film densities over 3.0, and therefore the breast edge
on our images is slightly curtailed. The ratio of maximurn scatter to minimum scatter
that we use is 5.7, this was calculated by taking the maximum scatter as recorded by
Lam and Chan when the film density reached 3.0. It seems reasonable to assume that
this ratio holds not only for different breast thicknesses but also when a grid is used,
since both minimum and maximum scatter values are affected by breast thickness in
the same way, and the grid removes a percentage of the scatter rather than an absolute
value.

Application of this technique gives an increasing scatter contribution as more of
the weighting mask falls onto the film The scatter contribution is equal to the sum
of the weights lying outside the breast multiplied by the edge effect value, 7. The
amount of penetration of the extra-focal radiation which this method gives depends on
the distance at which the values in the weighting mask drop off (figures 5.10 and 5.11),
and compares favourably with the results reported by Lam and Chan for their 4.5cm
thick water phantom.

One mammographic sign to be aware of while dealing with extra-focal radiation
and the breast edge effect is skin thickening. This presents as a white edge to the
breast image and is exactly what would be seen if the scatter component were over-
estimatedat the edge. Itis therefore critical that the effects of the breast edge and extra-
focal radiation are treated carefully. The results from the model verification process
explained in section (5.4) indicate that we have modeled the edge effects sufficiently
accurately.

5.3.6 Finding primary component and displaying

Using the weighted scatter algorithm, the scatter and thus the more important primary,
component of the energy imparted can be determined. Figure (5.17) shows six reduced
mammographic images, and figure (5.18) shows the scatter component computed for
each image. The primary component determined for the image in figure (5.1) is given
in figure(5.19).

In order to generate an image which the radiologist can more easily understand it is
necessary to convert the primary component back to the form in which the radiologist
usually sees it Unfortunately, direct methods fail because the primary component by
itself is not large enough to expose the film to give a viewable image. The approach
taken is to apply the automatic exposure control model described in chapter 4 to set an
appropriate theoretical exposure. This effectively applies a multiplier to the energies
imparted due to the primary component until the average film density in the automatic
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exposure control area is as required. Using the automatic exposure control model
makes the display process far more robust to noise since an average overa large area is
being taken. Of course, this area does not have to be the area which the real automatic
exposure control covers, but we seek to show the effects of scatter removal, and not the
effects of optimal placement of the automatic exposure control.

5.3.7 Results from removal of scattered radiation effects

Figure (5.20) shows the original mammographic image GML1. The measured breast
thickness was 5.40 cm, and the exposure was 76.1 mAs. The average film density
above the AEC was 1.61. Figure (521) shows the result of scatter removal, and then
re-exposure to get the same film density beneath the AEC. There is notable feature

sharpening.
Figure (522) shows the original mammographicimage FDL1. The measured breast

thickness was 5.55 am, and the exposure was 70.5 mAs. The average film density above
the AEC was 1.42. Figure (5.23) shows the result of scatter removal.

Figure (5.24) shows an original mammographic image MMR1, and figure (5.25)
shows the result from the weighted scatter algorithm. Both images are madeto have the
same average film density above the AEC. Again, there is notable feature enhancernent
particularly in the dense areas which is where the radiologist has most interest.

The final example is figure (5.26) which shows segments taken from mammographic
images before and after scatter removal. The figure contains several microcalcifications
which have been verified by a radiologist.

The weighted scatter removal algorithm is essentially a local high-pass operation,
and this means that we can be certain that calcifications, if present, will be enhanced,
despite not being included in the breast model; the images in figure (5.26) confirm this.

5.4 Verification of model

Verification of the model starts with comparing the calculated scatter-to-primary ratios
with those predicted theoretically by Carlsson et al [11] (shown in table 32). The
measured breast thickness and exposure in mAs for each image is shown in table (5.2),
whilst table (5.3) shows the calculated scatter-to-primary ratios for our model The
ratios are of the same order as those predicted by Carlsson et al. and maybe a little
higher which is to be expected since the values of Carlsson et al. are averages over
the whole breast. The lowest scatter-to-primary ratio is found at the chest wall, and



Figure 5.17: This is a selection of the images which the weighted scatter removal
algorithm has been applied to.

Figure 5.18: The computed scatter components for the images shown above. The film
area outside of the breast area has been kept artifidially dark.
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Figure 5.19: The primary component for image MML1 which is shown in figure 5.1.
The film area outside of the breast area has been kept artificially dark.

the highest near the breast edge. In all the cases the maximum scatter-tc-primary
ratio is quite large. This is to be expected since the values of Carlsson et al come
from homogeneous blocks of tissue, but in real images it is possible to havea highly
attenuating area surrounded by a less attenuating area, which gives a high scatter
component and low primary component.

Significant verification tests of the whole model can be made by calculating the
thickness of interesting tissue and fatty tissue through which the photons must have
passed to give the calculated imparted energy at each pixel. The thickness can be
estimated using equations (3.23) and (3.25). There are several possible verification tests
which can be performed:

(V1) The thickness of interesting tissue calculated must be less than the length of the
photon path through the breast.

(V2) The calculated thicknesses of interesting tissue over the whole breast must rise or
fall according to the image perceived, thus high values are expected for “dense
looking” breasts and low values are expected for “fatty looking” breasts. Since



Figure 520: Image GMLI, this is the original mammographic image of a breast of
thickness 5.4cm, with exposure 76.1 mAs. The average density on the film above the
AEC s 1.61.

Figure 521: This is the scatter removed image for image GML1. The average density
on the film above the AEC is 1.61.




Figure 522: Image FDL], this is the original mammographic image of a breast of
thickness 5.55cm, with exposure 70.5 mAs. The average density on the film above the
AEC s 1.42.

Figure 5.23: This is the scatter removed image for image FDL1. The average density on
the film above the AEC is 1.42.




Figure 5.24: Image MMR], this is the original mammographic image of a breast of
thickness 5.60cm, with exposure 106.0 mAs. The average density on the film above the
AEC is 1.34.

Figure 525: This is the scatter removed image for image MMRI1. The average density
on the film above the AEC is 1.34.
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Image | Exposure (mAs) | Breast thickness (cm)
FDL1 70.5 5.55
FDR1 68.0 5.60
GML1 76.1 540
GMR1 729 4,95
MML1 90.0 5.09
MMR1 106.0 5.60

Table 5.2: The exposures and breast thicknesses for the some of the images shown in
this chapter. The values are similar between left and right breasts, but,as we show in
chapter 6, a difference of 0.5cm in the breast thickness can lead to gross differences in
the mammographic images. Reduced versions of each of these images are shown in
figure (5.17).

Image | £ min | £ average | £+ max

FDL1 | 0.036 0122 0.212
FDR1 | 0.054 0124 0.293
GML1 | 0.061 0.119 0.230
GMR1 | 0.059 0.111 0.183
MML1 | 0.044 0.117 0.179
MMR1 | 0.038 0.128 0.214

Table 5.3: The calculated scatter-to-primary ratios from the weighted scatter algorithm.
The average scatter-to-primary ratios are in the range which the theoretical work of
Carlsson et al [11] predicted. The maximum values of the ratios come from near the
breast edge.
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Figure 526: This is a segment taken from a mammogram, it shows several tiny micro-
calcifications. The segmenton the left is the original. The microcalcifications have been
enhanced by the use of the scatter removal algorithm. Over a small area such as this,
the scatter component is practically constant.

this kind of calculation has not been performed before it is more revealing to use
an estimate of the volume of interesting tissue.

(V3) Theuniform breast thickness is lost at the edge of the breast, and since the breast
edge is mostly fat, the thickness of interesting tissue found should actually be less
than zero; indicating that the measured attenuation was too low even for IT cm
of pure fat.

(V4) Theamount of interesting tissue estimated from two images of the same breast at
different compressions should correspond on a pixel basis and be the same on a
global basis. Correspond on a pixel basis implies that the thickness of interesting
tissue found at corresponding pixels within the breast area is unlikely to rise with
more compression.,

Table (5.4) shows a summary of the interesting tissue calculations performed on
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Image | Maximum k.. | Average h;,, | Percentage of interesting tissue
FDL1 2.054 1.016 16.8

FDR1 2.800 0.538 8.5

GML1 2.750 0.980 167

GMR1 3.118 1.242 233 B
MMLI1 3.461 1.861 356 !
MMRI1 3.808 1.866 318

Table 54: Results from the interesting tissue calculations. 4,,. is the thickness of
interesting tissue which must have been present to give the calculated attenuation
knowing the breast thickness and exposure. The equations for this calculation were
developed in chapter 3. The percentageof interesting tissue is an estimate of the volume
of interesting tissue in the breast as compared to the total volume. It is only an estimate
as explained in section (3.2). The images referred to are all in figure (5.17).

the tmages shown in this chapter. The percentage of the breast which is interesting
tissue comes from using the system geometry to estimate the respective volumes, with
an approximation to include the volume of fat at the breast edge. The percentage of
interesting tissue is low compared to that usually deemed to be standard for radiation
dose calculations: 50/50 interesting tissue to fat by mass. This is partly due to work
on estimating radiation dose assuming a straight edge breast, whereas here a volume
of fat has been added to represent the breast edge. Clearly, verification test (V1) is
satisfied. Furthermore, verification test (V2) is satisfied because the i, values and
percentages correlate exceptionally well with the perceived denseness of the breasts.
For example, breast FDR1 is fatty whereas breast MMRI1 is dense, and this shows up in
both the average %;,, values and percentages of volume of interesting tissue to volume
of breast.

Verification test (V3) can be checked by transforming the original images to “in-
teresting tissue” images, where the luminance is directly proportional to #;,.. These
images have very low contrast and show the extent to which mammography amplifies
small differences in x-ray tissue attenuation. Figure (5.27) shows the various images
transformed to interesting tissue images. The extremnely white area around each breast
edgerepresents where the thickness of interesting tissue was found to be less than zero.
On all the tmages processed, a band like this has been found around the edge, and this
satisfies the verification test (V3).

Verification test (V4) requires mammographic images of the same breast taken at
different compressions. These images are supplied by the research described in chap-
ter 6. Comparing the percentages of interesting tissue between the images with the
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Figure 5.27: This represents the thickness of interesting tissue found for each pixel in
various images. The brighter the value the greater the thickness of interesting tissue,
except at the breast edge with the film The extremely bright area around the edge
represents where the thickness of interesting tissue was found to be less than zero. This
is where the breast thickness starts to decrease rapidly.

compressed and less compressed breast consistently showed that the percentage of
interesting tissue in the breast taken at less compression was greater than that in the
breast taken at normal (full) compression. Investigating this, it appears that the mam-
mograms performed at less compression do not have a constant breast thickness. As
explained in chapter 6, the mammogram at most compression is performed first, the
compression plate is let off, and then another mammogram is performed. It would
appear that when the compression plate is let off, the breassfills the available space
near the chest wall but fails to fill the space near the nipple; this was confirmed by
the radiographers. Consequently, the Jess compressed breast images require a varying
total thickness. The volumes of the breast and of the interesting tissue can be matched
betweenthe two images taken at different breast compressions by adjusting /7 by trial
and error. Typically, this requires that the front of the breast (near the nipple) is given a
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thickness increase of around half of that expected. This situation emphasises the need
for accurate knowledge of the breast thickness.

Two further problems in matching volumes between the breasts exist. One is that
as the breast is compressed blood appears to be compressed out of it, reducing the
interesting tissue content. The other problem is that the digitizer only picks up film
densities down to 3.0, and so the breast images might have different volumes of tissue
actually imaged.

The thicknesses of the compressed breasts on which the mammograms were per-
formed in this thesis are between 5 and 6 an and this is fairly standard. In order to
be complete in the verification two extreme examples were taken. In these cases the
mammograms have not been digitized but the thickness of the breast and exposures
were noted down. The first case was of a very thin breast which compressed to 3.3cm,
and registered an exposure of 37.6mAs. Table (5.5} shows a mapping from film den-
sity to interesting tissue thickness with a scatter-to-primary ratio estimate of 0.1 taken
across the fili density range. If a film density of 1.5 is taken as the average, then the
average h;,, is 2.38cm, a large thickness given that the breast was compressed to only
3.3cm, and this reflects the reportedly dense nature of the breast. The second example
was of a very thick breast which compressed to 7.5cm and registered an exposure of
314mAs. Table (5.6) shows a mapping from film density to interesting tissue thickness
witha scatter-to-primary ratio of 0.15 taken across the film density range. If the average
film density is taken to be 1.5, then the average interesting tissue thickness is around
2.175cm, which since the breast is 7.5cm thick is relatively small and implies the breast
was fatty, as the radiographer reported.

The values found for thickness of interesting tissue correspond remarkably well to
how the images look, and given the success of the verification tests with a variety of
real images, which covered the extremes, we consider the model (both of scatter and of
the breast) to be reliable.

5.5 Performing a monoenergetic examination

5.5.1 Theory

Given that the weighted scatter model appears reliable, simulation of a mammographic
examination with a monoenergetic beam can take place. This is considered worthwhile
for two reasons. The first is that beam hardening can degrade the contrast in dense or
thick areas of the breast (figures 3.11 and 3.12), and the second is that the x-ray beam
used in mammography is chosen as the result of a compromise between radiation dose
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Film density ' 4., cm |
3.00 : «+ <0 i
275 0264
250 | 0660
2.25 1.089
2.00 1.485
1.75 1.914
1.50 2.376
1.25 - 2.805
1.00 3.267
0.75 x> [T

Table 5.5: Relationship between film density and interesting tissue measurements, for
a thin breast compressed to a thickness of 3.3cm and an exposure of 37.6 mAs. The
scatter to primary ratio is taken to be 0.10. The + indicates when the interesting tissue
thicknessis either over the breast thickness, or when the attenuation is not large enough
to have come from even pure fat. This mammogram was taken from the cranio-caudal
direction, and the breast looked dense, as the interesting tissue thicknesses imply.

Film density | 4,,., cm
3.00 +<0
2.75 +<0
2.50 0.150
225 0.675
2.00 1125
1.75 1.650
1.50 2.175
1.25 2700
1.00 3225
0.75 3.750

Table 56: Relationship between film density and interesting tissue measurements, for
a thick breast compressed to a thickness of 7.5cm and an exposure of 314 mAs. The
scatter to primary ratlo is taken to be 0.15. This mammogram was performed from the
medio-lateral direction, and the breast looks fatty, as the interesting tissue thicknesses

imply.
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to the breast and image quality. This compromise is redundant in our work sincewe are
dealing only with the fina] images and it might be that simulating a different incident
spectrum would improve the quality of the mammographic image.

Let 7 be the photon energy chosen for the monoenergetic simulation, then the
primary component of the signal at pixel (s, 4.) is given as follows:

Flz,n)=No Fe #Ma ik} (5.16)
where ¥q is the number of photons, and jh(z.,.; IZ) is the estimate of the attenuation
found from knowledge of k;,, for the pixel and the linear attenuation coefficients at
the appropriate energy. This equation can be expanded to illustrate the effect of the
monoenergetic simulation :

Pl n) = NoFinmtbowF)
- ;\,'0E'_,_(}‘ud("-')’lunfll-!.'-.“'t‘_f--V(Ell‘IqIIJ‘-wV'l)
= NoFe~ (ol Bdlecy )il FYH ~holar400))
= Np Ek—(u...-“"z)huu(r»- W H o (B = e (F) R (5 92)}
= Nolie= it F) =it sar(F) ks ige)~H o (F)

- ;\;0 ’;'4"HV}'../(F')tk(ﬂtnv(F‘)‘)‘fm'("q})-,‘n.'"5' ) (5.17)

Across any image, the only factor in this equation that changes is %,,.(=., ). This means
that the value of () — y1s.,( %) has important implications for the contrast which
the final image displays and the radiologist interprets from: the higher this difference,
the greater the change of I, (z,y.) with h,,.(z.,y.). The difference between the two
attenuations coefficients rises as the photon energy is reduced, as shown in figure (3.5).
The problem with having too low a photon energy is that the imparted energy range of
values becomes too great to display. In practice, a low photon energy causes excessive
radiation dose to the breast.

The area around the breast edge with the film which was found to have %;,, < 0 is
considered to consist of pure fat, and the attenuation found in this area is mapped to a
thickness of fat only, & ,,. The monoenergetic photon beam in the simulation is atten-
uated theoretically by this thickness of fat before reaching the film-screencombination
at the breast edge.

In terms of the final image, the amount of light transmitted through the theoretical
film, 7} can be written as follows:
]
7'1(37n yr.) — (Hﬁr(zmya))" 3

where /; is the illuminating light intensity, and 4 and ~ are the linear constants of the
characteristic curve. Substituting equation (5.17) into this gives:

(5.18)

Tie9) = (et el P e (5.19)
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Figure 5.28: Variation of 7; with 1,,, for different photon energies. The value of 7;
shown is the varying factor and does not include the parts of the equation which are
constant across any one image. The k.. range corresponds to that found for image
GML1. Although at 15keV there would obviously be a great deal more contrast, the
dynamicrange of 7 is far too great to be displayed (a range of 100 is the maximumon a
film, and 40 is the maximum on the terminal screen - section 4.3). In real mammography,
the range required is reduced by making low /.., invisible unless a “hot light” is used.

Note that #and ¥y are multiplicative constants across the image, and that 4 is dependent
on the reference energy used. The value of 3 used earlier in this work is not appropriate
here because the energy values have now changed reference. However, this is of no
great concern because the value of ¥ is to be manipulated by the automatic exposure
control model in order to present a decent image, and it doesn’t matter therefore what
the valueof 3 is since Vo will be adjusted autornatically. Figure (5.28) shows the relative
variationof 7, in equation (5.19) with k., for different photon energies. Clearly, contrast
is greatestat the low photon energies. However, the problem with high contrast is that
it does not allow a large range of values to be shown. The problem can be overcome to
some extent by altering the value of ¥y, to show the particular range of interest. Figure
(5.29) shows the effect of altering Vo in equation (5.19) for a breast with an interesting
tissue thickness range of 2.7cm. This figure shows the transmitted light relative to the
illuminating light, and has the values cut-off at D = 0.6 and 1 = 2.2 to illustrate the
visible range on the film.

Figure (5.30) shows the effect of having pixels with 4,,, = 1.5cm set to a film density
of 1.5 for a range of different photon energies. This is effectively modeling the action
of an automatic exposure control.
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Figure 5.29: Variation of 7 with A,,, for different settings of Vy at a photon energy of
18keV. The higher ¥y is, the higher the exposure (X) and thus the darker the film. The
curves are marked relative to the minimum exposure. The 7} axls represents transmitted
light in terms of the illuminating light. For example, 0.25 means 7; = 0.25/;, and this
represents a film density of 0.6 (10-%¢ = 0.25). The graph shows that for very low
(low X) settings most of the image is saturated, whereas for high N settings the image
is very dark. A value of between 1.6 and 2.0 X would be optimal.
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Figure 530: Variation of 7} with 4., for different photon energies. At each energy the
exposurels being set so that k,,, = 1.5 gives a film density of 1.5, which corresponds to
a relative transmitted light value of 0.0316. The 7; axis represents transmitted light in
terms of the illuminating light Forexample, 0.25 means 7; = 0.257;, and this represents
a film density of 0.6 (10-%¢ = 0.25). In this situation, a photon energy of between 18
and 21 keV is optimal.

Figure (5.31) shows the result of theoretically performing a monoenergetic exami-
nation on breast MML1 four different photon energies: 15keV, 18keV, 21keV, 24keV. At
the low photon energies there is far too much contrast and the image is saturated, as
the energy rises the contrast is reduced and the entire image can be viewed without
saturation. Further examples of the monoenergetic simulation are shown in the next
section after a way of automating the choice of photon energy has been explained.

5.5.2 Automating the choice of photon energy

If the characteristic curve of the film-screen combination is kept the same, then for
any pixel there are four unknowns in equation (5.19): a multiplicative constant (¥),
the photon energy 7, the thickness of interesting tissue 4;,.(z, .}, and the transmitted
light which comes through the film 7). Rewrite the equation making these unknowns
explicit:

Tz y.) = kﬁl»-m(E)—rlym(F?))’t-m(r-th (520

where

__ N weam
b= G (5.21)
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Figure 5.31: This shows the result of different photon energies in the monoenergetic
simulation on breast MML1, with the autornatic exposure control set to give an average
density of 1.5. The top left image is for a photon energy of 15keV, the top right is 18keV,
the bottom left is 21keV, and the bottom right is 24keV. As the photon energy increases
the contrast is reduced, and the dynamic range decreases allowing the image to be
viewed without saturation.

If two values of A, are to be set to two specific film densities, then the two unknowns
k and F; can be calculated. For example, one possible mapping of the maximum #.,,
is to a film density of 0.6 (the minimum film density displayable). Another possible
mapping is the average A, across the image to a film density of 1.5 (the usual AEC
setting). Let k.., be mapped to D; and let );,.» be mapped to D;. Replacing T} by
110-", cancelling the /; from the equation for k, and then putting in the set values
gives the following two simultaneous equations:

107 = ket (Br=rjor (P

10~"2 = kel (F)=psa(FDAway
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Dividing one equation by the other and rearranging yields an equation from which the
required photon energy can be found by minimizing the error.

(P — Dl) log( 10

(_hm“ - ’h‘u:l)'}’

“'nl(n) —“ﬂjnt(n) = ’ (522)

from this the constant & can be determined:

k= 10"t (F) =g par(ENA Gy (5.23)

Figures (5.32), (5.33), (5.34) and (5.35) present four examples of the monoenergetic
simulation, the choice of photon energy is given in each case. The automation of the
choice of photon energy works well for most cases, although it is susceptible to noise
(through using the maximum value of 4.,.), and the decision to set the average /..,
over the entire breast to a film density of 1.5 might not be ideal in all situations.

The final example is figure (5.36) which shows a segment taken from a mammo-
graphic image before and after scatter removal. The image contains several micro-
calcifications which have been verified by a radiologist, and they have been greatly
enhanced.
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Figure 5.32: Maﬁunogmph.lc images of breast FDL1. The top one is the original, and
the bottom one is the result from the monoenergetic simulation with a photon energy
of 16keV.
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Figure 5.33: Mammographic images of breast GML1. The top one is the original, and
the botiom one is the result from the monoenergetic simulation with a photon energy
of 19keV.
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Figure 5.34: Mammographic images of breast MML1. The top one is the original, and
the bottom one is the result from the monoenergetic simulation with a photon energy
of 192keV.
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Figure 5.35: Mammographic images of breast MMRI1. The top one is the original, and
the bottom one is the result from the monoenergetic simulation with a photon energy
of 19.5keV.
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Figure 5.36: This is a segment taken from a mammogram, it shows several microcalci-
fications. The image on the left is the original, and the image on the right is the result
of a monoenergetic simulation at 19keV.
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5.6 Comments on modeling

In this chapter we presented two models of scattered radiation which were used to
enhance the mammographic images. The constant scatter model is naive but enhances
the images in a way which is easily understood, although the enhancement is more
to do with basic image processing than the model of the scatter. The weighted scatter
model is more accurate and produced quantitative values of the breast tissue which
are exceptionally good when verified with practical results and measurements. The
weighted satter removal is of a high-pass nature and despite the use of the anti-scatter
grid showsclear enhancement of theimages, including calcifications. On the basis of the
successful verification tests, the modeling was expanded to simulate a mammographic
examination with a monoenergetic beam. The results of this modeling were exciting,
and a way of automatically choosing a photon energy was described. Enhancement of
specific mammographic signs by these methods is shown in chapter 7.

The algorithms developed in this chapter vary in their robustness to noise, and
their applicability to images from different views. The constant scatter algorithm re-
lies heavily on adequate segmentation of the breast area from the rest of the film and
therefore shows no enhancement (although no degradation either) when the segmen-
tation is poor, as is likely when the pectoral muscle is present. On the other hand, the
weighted scatter algorithm is robust to noise and to view, with the automatic exposure
control handling the robustness and the pectoral muscle being considered as highly
attenuating for the scatter model. The monoenergetic simulation is also robust to noise,
but the photon energy has to be carefully chosen to ensure the image is not too dark,
and yet not saturated. The method we gave for choosing an optimal photon energy is
not robust to noise due to its reliance on the maximum thickness of interesting tissue.
The success of the monoenergetic simulations also relies on fine discrimination of the
I, values. If the i;,,, values are not found accurately enough, significant quantization
error could occur. There is also a trade-off between the fineness of the discrimination
and time.

5.7 Summary of chapter

In terms of the overall aim of our modeling this chapter has provided the missing link:
a reasonable estimate of the scatter component. The crux of the chapter has been the
development of the weighted scatter algorithm, which works on the energy imparted
images, corrected for the spatially varying incident radiation intensity, supplied by
the work {n described in chapters 3 and 4. The first step is to determine a weighting
mask « which represents for each pixel in a neighbourhood A of the central pixel what
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percentage of the total scattered radiation comes from the vertical column of tissue at
that pixel when the breast is homogeneous:

» From Barnesand Brezovich’s data (4], the proportion of scatter %F—lg)l coming from
a cylinder a distance r away from the centre, and dr wide can be found:
dl,(r) _ ,':(f +dr) — f,(")

E.(R) my

where 2(r) is the scatter-to-primary ratio for a radiation field of radiusr, and R?
is the radius at which the ratio stops increasing. This calculation is specific to the
thickness of the compressed breast on which the mammogram being considered
was performed.

o The percentage of scatter p(r, k) coming from a tube within the cylinder with
radius r, and height 4 is:

al(r)

F(R)n

where is the number of such tubes in each cylinder: n = 2 with dh the thickness

of each tube, and /7 the breast thickness.

p("'] h') =

Apply the grid formula of Dance and Day [20] to get the percentage of scatter
coming from each tube when an anti-scatter grid is used:

pa{r, ) = p(r, R)U(0),

where = tan~'(}) is the scatter arrival angle, and ¢ is the relative grid transmis-
sion.

o The last step is to integrate p,(r, ) over h, for all relevant ». The result of this
integration is the proportion of scatter which comes from the cylinder with radius
r when a grid is used. This is quantized to create a rotationally symmetric
weighting mask .

The next step is to find the scatter function which takes the value produced from the
weighting mask convolved with energy imparted to give a scatter estimate, this is
achieved using three calibration values:

¢ From the work in chapter 3, the primary component for each calibration case can
be calculated:
X. [& N§UF) E S(E) G(F) e=rwFhwtarn (~RsbowiPrg [
X.; JE NgUE) B S(F) GUE) e rariodl,
where hyi(z,y; I7) is the combined linear attenuation at energy I of the different
tissue combinations: 100% interesting tissue, 100% fat, 50/50 interesting / fat.

Eo(z,w) =
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e Using thescatter-to-primary ratios from Carlsson et al. {11] the energy imparted
to the screen for the calibration cases can be predicted:

Fiee,y) = Fplar,g)(1+ 52)

o As can be the scatter component:

Pz, y) = Pl y) 2
e !/ is the sum of predicted energy imparted convolved with the weighting mask
w: around a pixel (z, y.):

("r(:':m !Ir) = Z E(ﬂ:‘ e e ![]U.‘(S'.', !/J

{50=ryo=y)EN

e At this stage, we have three corresponding values of {/ and /,, and these define
the scatter function «:
E,(:B,., Y ) = .'{(U(;l:‘.' yz.))

In effect, I is a quantitative measure of the local tissue composition and piacement,
and on the basis of this we estimate the scatter component.

To take account of extra-focal radiation and breast edge effects, a value f,,. is deter-
mined which is used then the weighting mask falls outside the breast area but within
the image:

o To begin, the minimum scatter is estimated by convolving the weighting mask
with the energy imparted image at a pixel near the chest wall and applying the
scatter function to the result. A value of 0 is used if the mask falls outside the
image. The ratio of maximum to minimum scatter from the data of Lam et al. {63]
is then used to give the maximum scatter /7,

e The convolution sum required to obtain the maximum scatter is {/,,,..:

-1
Uy = 87 (i)

o Itisl/,,. which is required when the weighting mask is applied at the breast edge
with the film {z., ».), and hence /7,,,,, can be determined:

Upas = Z Bz, — z,y. — y)uw{z,y)

[#e =7y~ ~y) (A NB)
nmnt = . ]

u(z,y)
(Fe = ya—y)E(NNBNT)

where B is the breast area of the image 7.
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The primary component at each pixel («,, 5 } within the image can now be found:

» Convolve the weighting mask with the energy imparted image:

Ulweye) = > Lz, — 2,y — y)u{z.y) + > Fruae (e, y)
(e~ a.ye —g) €(ANB) (4 =1 e =y }E(NNBNT)

o Apply the scatter function:
Fo(zey9c) = s(U (=, 1))

e Subtract the scatter estimate from the total energy imparted at the pixelto get the
primary:
Lyzen) = Flae,y) = Lz, y.)

The primary component can be input to the equations developed in chapter3 to get a
quantitative measure of the breast tissue, namely the thickness of interesting tissue 4,,,.
To produce an image the primary component can be amplified using the automatic
exposure control model of chapter 4, and then used to re-expose the film theoretically
via the film-screen characteristic curve. Alternatively, a monoenergetic simulation can
be carried out using the quantitative breast measures:

o The relative primary component in a monoenergetic simulation with photon
energy I’ is:

In = Noloe™ Hispor (ﬁ]ﬂ—(ﬂ...'(E)—u!m(ﬁ))-'t...'(m wr)

wlz,w0)

This value is amplified using the automatic exposure control model and then used
to re-expose the film theoretically. The choice of photon energy and exposure can
be automated by selecting two values of (/,4.,01:.,2) to map to specific film densities
(D1, Da):

o The light transmitted through the film can be written with two unknowns:

7"'(3;‘ ,er = kﬁbnmv(ﬁ)-rqm(ﬁ))b.m(r,yh,

e The photon energy F is found by minimizing the error in this equation:

(D2 — M) log_ 10

AF) = i B) = .
Homi () = e ) oo = Tom2) v

e Knowing 7, the constant k can be determined:

b= ]0-J"he-(ﬂ.v..(FT)-/-;,,.(E))h.nm



Breast Compression

6.1 Introduction

In this chapter we propose a novel way of obtaining information about the internal
physical properties and structures of the breast: comparing mammograms performed
with the breast compressed to varying thicknesses. Forexample, a mammogram might
be taken with the breast compressed to a thickness of 5 centimetres, followed by a
second mammogram with the breast compressed to a thickness of 6 centimetres. The
movement and deformation which is seen by comparing these two mammograms is
linked to the physical properties of the breast mammographic signs which do not
change position between the two mammograms might be fixed in some manner (eg.
by spicules to the chest wall); mammographic signs which appear not to change might
representa solid tissue structure (eg. a malignant tumour).

The results and conclusions explained in this chapter are important not only for
diagnosis, but also for image analysis since algorithms must be robust to the degree
of compression. This robustness is necessary as the algorithms will be used on mam-
mograms performed by different radiographers, and the degree of compression often
varies.

The technique of comparing mammograms performed at different compressions,
which we have termed “differential compression mammography”, aims to provide
reliableinformation about the physical properties of the deep breast tissues and internal
breast structures. This complements the information provided by external physical
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examination of the breast which gives information about the physical properties of
the breast tissue close to the breast surface. The information gained from differential
compression mammography contrasts with that gained from the regular non-invasive
techniques of mamunography, magnification mammography, ultrasound and breast
palpation, and the technique of fine needie aspiration biopsy.

Similar techniques to differential compression mammography are used in other
fields to gain information about the internal structure of an object. For example, in
order to determine the composition of an object, a materials scientist might apply
forces to it and observe how it deforms. Similarly, information about the physical
properties of breast tissue might be obtained by observing how the tissue distorts under
compression. A comparison of two radiographs is sometimes used in the diagnosis
of kidney stones: one is taken of the patient inspiring and a second of the patient
expiring. By comparing the position of the calcification relative to the kidney on the
tworadiographs it is possible to determine whether the calcification is inside the kidney
ornot. As we shall show, two mammograms of a breast at different compressions can
similarly reveal information about the inter-relationship of the internal structures.

This chapter reviews the results of a clinical trial which we have initiated. This trial
aims to find whether detection and diagnosis of breast cancer can be aided through
comparison of mammograms performed at two different compressions. The chapter
starts with a survey of the literature relating to breast compression, and then discusses
breast anatomy with a view to predicting what to expect when a breast is compressed.
We consider inclusion of the details of breast anatomy vital because too often mam-
mographic images are considered just as images, and domain-independent algorithms
applied to them, rather than as projected images of a real, living part of the body.
After the predictions, the results from the clinical trial and a detailed discussion of
the relevance of the results is presented, before the chapter concludes with comments
on both differential compression mammography and the robustness of image analysis
algorithms.

6.2 Literature survey

The benefits of breast compression in mammography are well known:

reduction of motion artifacts by immobilizing the breast

o reduction of geometric blur

reduction of film density range through having a more uniform breast thickness

» reduction of scattered radiation
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e improved separation of tissue structures through increased projected area

e reduction of radiation dose to the breast

A number of authors have commented on radiographic effects of breast compression
which they have observed: Roebuck {84] notes how with magnification mammography
the tissues can be displaced differently and composite shadows can disappear. Peters
et al. {79] note that the apparent size of tension c¢ysts depends on the forcefulness
of the compression, and that this information may be useful to differentiate a cyst
from a solid mass. They also show an apparent stellate density which disappears in
the magnification view. Lamarque [64] notes obliteration of vascular shadows with
compression, and argues strongly that radiologists should be aware of the effects of
compression and should consider whether mammographic signs have been created or
removed by compression.

Little has been published about the effect of compression on the breast itself: Jack-
son et al. [52) undertook a survey of discomfort felt, correlating the results with the
menstrual cycle; Clark et al [18] measured the pressure applied to the breast during
compression; Sullivan et al. [100] measured the force applied and correlated this with
perceived discomfort; Fife [30] surveyed the average dimensions of the compressed
breast; Ekiund [27] discussed the vague terms used to describe breast compression (eg.
“appropriate”, “adequate”), arguing that compression is an art rather than a science;
Yancey et al [110] explain the difficulty of viewing deep lesions with conventional
compression mammography and show how with an adhesive dressing the breast can
be stretched out before compression to aid visualisation, Watmough {104] stresses the
need for safety limits on the compressive force. Most recently, concern has been ex-
pressed that breast compression can cause cancer cells, if present, to spread so that
metastasis becomes more likely [105].

A model is helpful in predicting what happens when the breast is compressed.
The only model of the breast which has been used in published work deals with
thermal modeling of the breast [75], (76]). Models of soft connective tissues [26], [53],
{95], skin mechanics [74] and flow induced deformation of soft tissues [6] have been
published and these might form the basis of some prediction of how fibrous and
adipose tissue might react/deform when the normal breast is compressed, but we
are unaware of any work dealing with glandular tissue or neoplasms. However,
this biomechanical approach does yield some interesting ideas. As Ryan ([85], private
communication) notes, fibrous and adipose tissues in the breast are designed for s pecific
functions, notably to resist gravity and to protect the organ; cancerous and other
abnormal tissues within the breast are unlikely also to have such a role, thereby possibly
reacting differently to deforming forces.
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There is a surprising lack of literature on breast tissues in fields such as breast
reconstruction and brassiere design. The only attempt at gaining any quantitative
measure of the breast tissue has been in determining the firmness of the breast after
reconstruction in order to gain a measure of fibrous capsule formation. These measures
have been derived from using calipers [7], [41] and applanation tonometry [69], [40].

6.3 Breast anatomy

To be able to predict the effects of breast compression on the mammogram requires
an understanding of basic breast anatomy, figure (6.1). The normal breast consists
of glandular tissue with fibrous and adipose tissue in between the lobes and lobules,
together with blood vessels, lymph vessels and nerves. The secreting glandular tissue
is divided up into 15 to 20 lobes, each lobe containing many hundreds of lobules. These
are all connected together by small ducts which further join together close to the nipple
to produce the major lactiferous ducts which dilate out into the lactiferous sinuses,
narrowing again as they pass through the nipple to form seven or so duct openings.

The breast tissue is enveloped in two layers of fibrous tissue, the deep layeroverlying
the muscle and the very thin superficial layer beneath the skin. Joining thesetwo layers
are fine fibrous ligaments (Cooper’s ligaments), which support the breast against the
chest After multiple pregnancies and lactation, or as a result of increasing obesity
and age, the Cooper’s ligaments become stretched and the breast evolves from firm to
pendulous. A small extension of the breast tissue proper commonly wraps round the
outer border of the pectoralis major muscle at the upper outer margin of the breast to
form the so-called “axillary’ tail, which is a not uncommon site for cancers (hence the
use of the 45° medio-lateral view for screening).

After the menopause most of the glandular structures within the breast atrophy
and are replaced by fatty tissue. However, many women retain considerable amounts
of duct and glandular tissue within the breasts into old age. It has to be recognized,
therefore, that the mammary tissue is constantly changing as a result of the normal
aging process and as a result of natural physiological alterations during the menstrual
cycle, pregnancy and lactation.

6.4 Predicting the effects of breast compression

Using knowledge of the mammographic process, breast anatomy, clinical signs of
breast cancer and basic tumour growth some informed predictions can be made about
the effect of breast compression on a mammogram. There are six feature characteris-
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Figure 6.1: Cross-sectional structure of the breast.

tics which the degree of breast compression can affect shape, size, relative position,
absolute position, brightness and edge profile.

Shapeis the most robust of the feature characteristics to compression because an
object that is partially compressed should project to a similar shape as when it is
fully compressed. The only anomaly would be if an object rotated and was projected
differently, but this is unlikely to happen with the small differences in compression
considered.

Thesize of the features depends on both the degree of compression and the geometry
of the system. The importance of the degree of compression depends upon the type of
object represented. For example, a classic clinical sign of breast disease is a lump in the
breast. Jf the lump is soft it is probably benign, and its projected size is likely to increase
with compression. The geometry of the system produces a magnifying effect with the
magnification increasing if the object is nearer to the source; this will counteract the
increasein projected size that derives from greater compression.
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The relative position of a feature depends on its relationship and connections with
the local tissue. Invasive tumours which have grown into the surrounding tissue
are likely to move with the local tissue. Movement of features is confounded by the
changing geometry which could amplify or reduce it, whilst further anomalies could
arise from the projective nature of mammography.

The absolute position of features relies more on the global breast structure than on
the local tissue connections. For example, fibrous strands might hold breast tissue to
the chest wall giving little movement, or hold glandular tissue in place (consequently
subjecting it to larger deforming forces). Malignant tumours fix themselves to part
of the body as they grow, this may be the skin or the muscles of the chest wall, and
consequently advanced tumours are unlikely to move far.

Brightness of a feature is the most unreliable characteristic since it can change due
to different exposures, tissue properties and shadowing. For example, an object within
a fatty breast might be compressed to half its thickness and yet appear equally bright
in the mammogram because the exposure has reduced. Another case might have two
fibroglandular volumes of tissue projected onto each other and these therefore might
be much brighter than when considered individually.

The edge profile is often quoted as a means of distinguishing between benign and
malignant lesions. When the breast is compressed, the tissues spread out and the
sharpness of edges within the mammogram will change. An obvious case would be
a blob of glandular tissue compressed to be very thin and having a much smoother
edge profile. The edge profile of a hard lesion only changes because of the imaging
conditions and the relative positions of the tissues around it. Edges are further blurred
at large breast thicknesses due to the scatter-to-primary ratio increasing.

6.5 Procedure of the clinical trial

Women attending two assessment clinics were asked whether they would volunteer to
take part in a trial, in full accordance with ethics committee directives. At no time did
any of the women complain of pain; it is unlikely that a wormnan experiencing pain at
screening would consent to extra views at the assessment clinic if offered the choice.

The procedure of the clinic was as normal except that two craniocaudal view
mammograms were taken for each breast. The first mammogram was taken at full
(normal) compression, then the compression plate was raised slightly and another
mammogram taken. Taking the extra mammogram required an additional 30 seconds
and since the positions of the features within the mammograms were to be considered,
it was important that the breast did not move significantly in this time. The back edge
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of the mammogram (by the chest wall) provides a perfect reference line with which to
measure absolute movement.

The decision to take the mammogram at maximum compression first was based
purely on practical considerations: the radiographers felt that they could not easily
judge when they were close to the maximum compression without actually reaching
it, and the woman involved might reasonably be dismayed to learn after the first
mamumogram, that a second was to be taken with more compression.

The average thickness of the breast was measured by the radiographer marking
a piece of card where the compression plate arm with the machine was joined, the
exposure in mAs was also noted for each woman. The compression had to be released
by an amount large enough to produce differences, while at the same time being
small enough to produce a usable quality mammogram. [t was found that releasing
the compression between 0.5cm and 1am was satisfactory. It was reported that upon
releasing the compression the breast rises to fill the space near the chest wall, but not
near the nipple.

When doing any differential study, care must be taken to isolate the effects of the
factor being studied from other effects. In this case, the effects of extra compression
are confounded with the effects outlined in the previous section. This removes the
possibility of directly using the brightness of the areas to see tissue spreading out; if
the exposure had been the same one might have expected to see small bright areas
representing normal soft tissue disperse into larger but less bright areas.

The pairs of mammograms produced in the trial were studied both as films and on
a video, with the mammograms in each pair being alternated quickly; this provides a
vivid impression of the movement and deformation which is taking place.

6.6 Results of clinical trial

Figures(6.2) and (6.3} show the mammograms of a breast compressed first to a thickness
of around 8cm and then 9am. They provide an excellent example of the benefits of firm
compression. The large dense area has dispersed with extra compression to show a
smaller, more rounded shape indicative of a benign lesion. The mammograms show
substantial movemnent of distinguishable features, figure (6.4). Some of the features
are readily apparent in each mammogram separately (eg. the coarse cakifications) but
others can only be spotted using the motion cues provided by alternating the images
in rapid succession. The movement is dramatic considering the small difference in
compression recorded. More importantly, the movement of different features shows
qualitative differences according to the type of feature. Clearly, the position of a feature
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in a mammogram is a function of compression.

Figures (6.5) and (6.6) show the mammograms of a breast compressed first to a
thickness of 6cm and then of 6.5cm. The spiculated mass is held to the chest wall and
hardly moves whereas the apparent fibrous tissue around it moves appreciably. Figure
(6.7) shows the movement of the features. In view of the large movements observed it
was conjectured that as the compression was relaxed, the breast tissues were springing
back. However, in this example the breast was actually released from the compression
between mammograms and then recompressed. Any major shift of the breast position
between compressions would be noticeable by comparison of the projected breast edge
and total projected breast areas. The large movements explain the difficulty which
sometimes occurs when trying to find a specific area of the breast to magnify.

Figures (6.8) and (6.9) show a further example of a breast with a spiculated mass
being compressed. However, this time the spicules do not appear to be reaching
the chest wall and yet the mass remains almost stationary with more compression.
This indicates that the spicules might in fact have been reaching the chest wall This
information could be vital as the cliniclans might then decide to remove the whole
breast rather than just the localised area.

In every cranjo-caudal mammogramsstudied there was a shift in the projected breast
area from the periphery towards the centre as the compression increased. This seems
to be due to the skin on the central side of the breast being tighter than on the outside
where the breast extends into the armpit. Thus when compression is applied, the breast
is skewed inwards by the tight skin. This tightening of the skin is important in creating
large deformation forces within the breast. If the breast were simply like a balloon,
the tissues within it would move freely rather than deform. In short, the boundary
conditions provided by the skin dominate here, as in every elastic deformation problem,
and must be taken carefully into account in any biomechanical model

The differing motion of features over the mammogram, even when they are pro-
jected close to each other, might come from them being representative of tissues at
different heights within the breast. For example, a superior mass might move far more
than an inferior mass, since most of the force is pushing the upper part of the breast
down and to the sides (although the mass at the bottom might actually experience
more of a deforming force). Indeed, it might be that the view at which to perform
two compressions is dictated by the whereabouts of the volume of interest within the
breast, since it is desired to bring as large a deforming force as possible upon it.

Figures (6.10) and (6.11) show the mammograms of a breast compressed to a thick-
ness of 5.5cm and then 6.5cm. These appear to show that as the breast is compressed
the blood is squeezed out of the visible vessels, possibly due to the vessels contract-
ing with force. This effect was noted in several other cases which were studied and
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Figure 6.2: Mammogram of breast A. The breast is compressed to an average thickness
of 8cm.

Figure 63: Mammogram of breast A. The breast is compressed to an average thickness
of 9cm. Notice that the large dense area has dispersed with extra compression (above)
to show a smaller, more rounded shape indicative of a benign lesion.



CHAPTER 6. BREAST COMPRESSION 153

Figure 6.4: This figure shows the movement of some of the distinguishable features in
the mammograms of breast A. A distinguishable feature is a recognisable area of the
mammogram, for example a coarse caldification. Notice the large distances moved for
a relatively small change in compression thickness.

in Lamarque’s book [64]. Overall, these mammograms present a strange picture of
compression, in which both the mass and the nipple move toward the chest wall with
increased compression. However, the breast does get wider as a result of the extra
compression (with a more equal thickness of tissue), and some of the vessels on the
right side of the mammograms match perfectly at the chest wall.

It is clear from this study that the effects of compression must be considered when
correlating mammographic signs with diagnoses. For example, attempts have been
made to correlate vessels entering into a mass with mallgnancy, yet we have demon-
strated here an example where vessels are seen going into the mass depending upon
the compression used.

Figures (6.12) and (6.13) show medio-lateral oblique mammogramsof a breast com-
pressed to thicknesses of 6.5cm and then 7cm. These mammograms showa number of



Figure 6.5: Mammogram of breast B. The breast is compressed to an average thickness
of 6cmu In the upper left of the mammogram there is a spiculated mass.

Figure 6.6 Mammogram of breast B. The breast is compressed to an average thickness
of 6.5cm. The spiculated mass is held to the chest wall and hardly moves with exira
compression, whilst apparent fibrous tissue next to it moves appredably.
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Figure 6.7: This figure shows the movement of the distinguishable features in the
mammeograms of breast B. Note the movement of the spiculated mass compared to the
apparent fibrous tissue adjacent to it.

interesting changes, some of which are immediately evident but some of which require
use of the video presentation of motion. On the right side of the mammograms a duct is
shown head-on at less compression and then unfurled as if it is being pulled outwards
at normal compression. The fat area just above it is also very evidently squashed and
presents a larger projected area. On the left hand side some fibroglandular tissue is
being forced into another volume of tissue. There is a potential problem with taking
two mammograms at different compressions from the medio-lateral oblique view in
that the breast is held on a slope so that as the compression is let off the breast is liable
to slip, losing the reference line. This did not happen in the case reported here as the
friction between breast and compression plate was enough to hold the breast in place.

We again emphasise the use of the video as a compelling way to depict the movement
and deformation between the two compressions. Crucially for the radiologist, when
the mammograms are viewed they can appear totally different (with few recognisable
corresponding features), or identical, and yet when viewed on the video practically



Figure 6.8: Mammogram with breast MML compressed to a thickness of 5.09cm. The
reported exposure was 90.0mAs. In the middle left of the mammogram there is a
spiculated mass.

Figure 69: Mammogram with breast MML compressed to a thickness of 5.7cin. The re-
ported exposure was 117.0mAs. The spiculated mass hardly moves despite apparently
only having short spicules, this might mean that the spicules reach the chest wall.




Figure 6.10: Mammogram with breast FDL compressed to a thickness of 5.5cm, and
exposure of 70.5 mAs. There is a suspicious mass present, later found to be benign.

Figure 6.11: Mammogram with breast FDL compressed to a thickness of 6.5cn. The
exposure was 92.7 mAs. The blood vessels practically disappear with compression,
and the nipple and suspect mass are forced back towards the chest wall; yet the breast
is evidently of more equal thickness and has spread sideways.




Figure 6.12: Mammogram with breast C compressed to a thickness of 6.5cm.

Figure 6.13: Mammogram with breast C compressed to a thickness of 7.0an. There
is a wide range of deformation and movement with the extra compression. Compare
the bright spot on the right hand side of the less compressed mammogram, this has
seemingly unfurled as if pulled outwards by the compression. On the left, two volumes
of fibroglandular tissue seem to be forced into one another.
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every point can be seen to shift or deform. This is true even in the mammograms
of dense breasts that have been examined. However, although the movement and
deformation is easily accessible using this technique, it might well be that experience in
it has to be built up. From our experience, each viewing of the video provides further
information. Work is underway towards adapting techniques from image processing
that can aid the physician interpret this motion by Cerneaz et al. [13].

Our final example shows mammograms of a breast compressed first to a thickness
of 5.4cm and then to 6.1cm, figures (6.14) and (6.15). In the middle right area of the
mammogram there is a cluster of benign microcalcifications, shown in detail in figures
(6.16) and (6.17). The cluster obviously changes formation with compression, and the
change cannot be due solely to geometry. These mammograms are also interesting
because the microcalcifications are more evident in the mammogram taken with less
breast compression. This appears to be partly due to the microcalcifications spreading
out with more compression.

It is evident from this example that attempts to correlate properties of microcalcifi-
cation clusters to malignancy (eg. average distance between particles) should also take
account of the effects of compression. This is particularly important if the mammo-
grams being used in the study were performed by more than one radiographer, or were
fromdifferent centres, since it is highly likely that different notions of firm compression
will be applied.

Taking a medio-lateral oblique mammogram at less compression at the assessment
clinic to compare with the one taken at screening will probably not provide the infor-
mation given by our technique. This is because if the two mammograms are to be
compared properly then they must have a reference line which is in the same position
in both of them. Mammograms taken at two different times will probably have lost
this reference.

6.7 Discussion of results of clinical trial

These results show that there are large deforming forces present when the breast is
compressed. This has many implications, and poses a number of questions.

There is no set standard for the amount of breast compression applied: it is fre-
quently described by the subjective term “firm”. However, it seems thereis a natural
point at which further compression becomes impossible. This point mightbe when the
skin enclosing the breast has been stretched to its maximum This lack of standards,
though understandable, is of concern since the examples presented in this paper have
shown differences between mammograms at different compressions, and asymmetry



Figure 6.14: Mammogram with breast GML compressed to a thickness of 5.4cm. The
exposure was 76.1 mAs. In the middle right of the mammogram there is a cluster of
microcalcificattons (enlarged in figure 6.16).

Figure 615: Mammogram with breast GML compressed to a thickness of 6.1cm. The
exposure was 91.4 mAs. In the middle right of the mammogram there is a cluster of
microcaldfications (enlarged in figure 6.17).
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Figure 6.16: This is the cluster of microcalcifications from the mammogram of breast
GML compressed to 5.4cm.

Figure 6.17: This is the chuster of microcalcifications from the mammogram of breast
GML compressed to 6.1am. The change in formation of the cluster is highly significant
when statistics such as the average distance between particles are comelated with
malignancy. Itis also interesting to note the increased visibility of the microcalcifications
in the less compressed mammogram, which appears to be due to the microcalcification
spreading out with more compression.



CHAPTER 6. BREAST COMPRESSION 162

between left and right mammograms is often cited as grounds for suspicion.

One aspect of this work which has not been considered is that of symmetry of
movement and deformation between left and right breasts. It might well be that just
as mammograms of left and right breasts are checked for symmetry, so the movement
and deformation should also be in some way symmetrical. This comparison would
be useful even if it only involved observing similar occurrences between left and right
breasts.

The study of spiculations as a mammographic sign is particularly interesting be-
cause of their apparent “function” in holding a mass onto something, be it the local
tissue or the chest wall. Similarly, two mammograms depicting a mass moving with a
great deal of the local tissue attached to it, or moving relatively independently of the
local tissue, might help the radioclogist to decide whether a tumour is invasive or is in
situ. This kind of observation could be used in deciding how much of the breast should
be removed after diagnosis of cancer.

Mammography highlights areas of highabsorption within the breast. It follows that
if a mass is present small volumes of tissue around the edge of the mass might not show
up. However, this does not mean that this tissue is not as firm as the mass itseif and
we suggest that consideration of the physical properties of the tissue in this way can
provide a valld sclentific explanation for some well-known observations. For example,
Le Borgne's sign can be explained by benign masses having well-defined edges and
thus appearing on mammograms in their entirety; whereas invasive malignant masses
have grown into the tissue in a non-uniform manner so that although the mass feels
large, its radiographic appearance belies this.

Thereare many signs which might benefit from being studied at different compres-
sions: the “pulling in” or “pushing aside” of the parenchyma; “architecturaldistortion”;
“tethering to the ducts”; “the halo of safety”; and clusters of microcalcifications. The
latter can be ambiguous, and though some properties of such clusters are widely ac-
cepted as indicating benign or malignant disease, they are still a source of unnecessary
biopsies. By studying the response of these clusters to deforming forces (ie. their over-
all formation and individual particle sizes and shapes), it might be possible to judge
not only whether they are in the lobules or ducts, but also whether the particles have
some form of inter-connections (perhaps through central necrosis). It might be possible
to distinguish lobules from ducts, since lobule calcifications might change shape with
compression, whereas ductal ones do not (perhaps because the ducts are full).

Research into the physical properties of the breast and internal breast structure may
well give rise to new designs of compression plates which spread the areas which
are usually made up of dense tissue, rather than spreading the whole breast. For
examyple, a rounded top plate might be considered, which pushes the central tissues
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of the breast to the sides, giving a decreased thickness in the central area. This kind
of plate would have the advantage of not pushing the nipple out, thereby avoiding
the possibility that the ducts and glandular tissue which are connected to the nipple
are also pulled out actually reducing the projected area of interest and giving a more
cluttered mammogram.

Magnification mammography essentially goes some way towards taking mammo-
grams at twodifferent compressions in that radiologists use it to see whether a particular
sign disappears with different compression. However, this technique doesn't provide
a second image for reference, which can be directly compared to the original. So that,
although gross comparisons can be made, detailed specific ones cannot. It might be
that taking two mammograms with magnification at different compressions provides
a much more detailed and explicit picture of the deformation and movement as well as
bringing larger more specific deforming forces to bear. Whilst this form of differential
magnification mammography is interesting, extreme care will have to be taken due to
the magnification of size and movement from the changing geometry.

The decision to take mammograms at only two different compressions was based
solely on ethical grounds. Essentially, compression is a continuously variable parameter
that is sampled in this study at two points. We have shown how important the choice
of the sample point is, and the additional information made available by a second.
Dose irradiation prevents a greater sample set, but it should be taken into account in
mathematical models of mammography.

6.8 Conclusions

We have shown that breast compression produces large movement and deformation
of tissue within the breast This implies that there are large forces at work and that
some internal breast tissues are deformable. The movement seen is restricted by the
internal structures and connections of the breast. We have further shown that taking
mammograms at two different compressions is one way of determining the physical
properties of the internal breast tissues, and of determining the breast structure. These
results are not surprising since the breast is a flexible, deformable part of the body.

The disadvantage of the differential compression technique lies in the additional
dosage which comes from needing the extra view, but it is our belief that additional
dosage, if justified, is better than biopsy. Other methods exist which are non-lonizing
and may provide a better picture of the internal physical properties of the breast
and breast structure. Until such methods are developed, differential magnification
mammography might provide more detailed information about the physical properties
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of the breast and allow large deforming forces to be applied locally.

The workin this chapter has significant consequences for robust imageanalysis. The
clinical trial has produced a number of mammograms which look significantly different
from each other and yet are of the same breast. Consider the example which shows
the acuteness of the edges of microcalcifications changing with breast compression:
setting thresholds for detecting calcifications on the result of an edge detector or local
contrast measure will clearly not be reliable on images performed at slightly reduced
compression, if the threshold is set on images of firmly compressed breasts.



Comparison of Images

7.1 Introduction

In this chapter we study the results of the model-based enhancement algorithms on
specific mammographic features, and show the effects of compression on these features.
The range of features is restricted due to a lack of data, but some important signs are
studied : calcification, a spiculated mass and a benign lesion. For each of these signs
we present the specific area of the original image, the image with scatter removed, and
theimage created by the monoenergetic simulation. We duplicate this for the mammo-
grams performed with less breast compression and also display relevant profiles. The
aim of the chapter is to highlight the enhancement and effect of breast compression on

specific features.

7.2 Calcifications

Breast GML contains some benign microcalcifications. These calcifications are small,
clustered and, most importantly, round. Figure (7.1) shows the calcifications at full
and slightly less compression, with the image enhanced by both the weighted scatter
algorithm and monoenergetic simulation. The visibility of the calcifications is clearly
enhanced by application of the model-based algorithms. It is important to note the
change in the image with more compression: the calcifications seem to compress and
spread out becoming less visible with edges that are far more blurred. This casts
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Figure 7.1: Calcifications from the two GML mammographic images. The top row
shows the calcifications from the breast at most compression. The image on the left is the
original, in the middle is the image with scatter removed, and on the right is the image
created by the monoenergetic simulation. Clearly, the calcifications are significantly
enhanced by the transforms. Notice also the differences in the calcifications at different
compressions; the calcifications in the less compressed breast are more round, and have
sharperedges.

doubt on whether image analysis algorithms using edge detection to predict, or edge
sharpness to classify, calcifications will work reliably. Shape may be a more reliable
measure, but the calcifications in the less compressed breast appear more distinctly
round than those at most compression.

Thedifferences in the images can be seen by taking a profile across them. Figure
(7.2) shows such a profile taken across the top set of images. The enhanced images are
clearly sharper and thus should be easier to detect the calcifications in. Certainly, a
morphological operator would pick out the calcifications better in the enhanced images.
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Figure 72: This is a profile across the top set of images shown in figure (7.1), the high
peak towards the right of each individual profile is a calcification.

7.3 Spiculated mass

Figure (7.3) shows an image of a spiculated mass with less compression and enhance-
ment. The mass is evidently better differentiable in the enhanced images and fine
spiculation is better perceived, as well as the centre of the mass becoming more ob-
vious. A profile across the image is shown in figure (7.4). The higher cortrast in the
enhanced images means that a check for spiculations (high contrast linear structures)
should be more successful Simijarly, even classic template matching that attempts to
detect the centre of the mass should be more successful and reliable on the enhanced
image. In this example, maximum compression is clearly useful in aiding visibility of
the lesion.

7.4 Benign lesion

Figure (7.5) shows an image of a suspect mass with less compression and enhancement.
After ultrasound, the radiologist diagnosed this mass as benign. The original image is
unclear in that the mass merges smoothly into the background, but this impression is
not given in the enhanced images where the mass stands distinct from the background.
Figure (7.6) shows a profile across the top set of images. Looking at the changes in
this image and profile, it is hard to imagine reliable edge blur measurements without
removal of the imaging parameters. Figure (7.7) shows a profile across the bottom set
of images (i.e. images performed with less breast compression). The edges of the lesion
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Figure 7.3: Breast MML has a spiculated mass situated in the middle left. This image
has the mass in close-up showing the enhancement when the scatter removal and
monoenergetic algorithms are run. The centre of the mass becomes far more visible
with enhancement, and with extra compression. Detection of spicules should bea good
deal easier in the sharper, enhanced images.
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Figure 7.4: This is a profile across the top set of images showmn in figure (7.3)



CHAPTER 7. COMPARISON OF IMAGES 169

IR GCATTER ROl

Figure 7.5: Breast FDL has a benign mass in, probably a cyst. The original image gives
the impression that the mass merges smoothly into the background, with enhancement
the mass stands out from the background giving a more benign appearance

at less compression are much better defined, and therefore more benign, in the less
compressed image. These profiles cast doubt on the robustness to breast compression
of edge profiles. In view of there profiles, it would be interesting to examine the edge
profile of a malignant mass with varying compression. Unfortunately, the only example
we have at present is of a spiculated mass in which the edge profile is only important
with a view to detection of the spicules.

7.5 Image analysis

The goal of the work in this thesis has been image enhancement. To achieve this we
have taken a model-based approach which lends itself perfectly to preprocessing of the
images before analysis in order to remove the imaging varations. Furthermore, the
thesis contains some ideas on the effects likely to occur with different breast compres-
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Figure 7.7: This is a profile across the bottom set of images shown in figure (7.5).
Comparing this profile with that in figure (7.6) shows the effect of compression on the
lesion edge blur. At less compression (ie. in this profile) the lesion has much better

defined edges.
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sions. On the basis of our work, the stage is now set for using pattern, morphology and
shape analysis to automate screening.



Conclusions and Further Work

8.1 Conclusions

In this thesis we have developed a model of the mammographic process with which it
is possibleto represent, and subsequently remove, the effects of the major factors which
degrade mammographic images. Removal of these effects enhances the images and
makes diagnosis more reliable and robust manner. To our knowledge this is the first
model of the mammographic process (including the breast) which has been developed
for enhancement of mammeographic images. Consequently, this is the first research in
which the spatial varying incident radlation intensity, breast thickness and exposure
have been measured and used as an integral part of the processing. More importantly,
we havedeveloped the first model of scattered radiation in mammography and shown
how to apply it to remove the effects of scatter by software.

Thedegrading effects studied in this thesis are scattered radiation, spatially varying
incident radiation intensity, beam hardening and poor positioning of the automatic
exposure control. Removal of the effects of scatter is a local high-pass filtering op-
eration This ensures that clinically significant information, such as calcification or
spiculation, is preserved. Compensation for the spatially varying incident radiation
intensity results in an image that is darker towards the nipple and accounts for the ra-
diationintensity decay due to the diverging beam Ultimately this allows calculation of
a quantitative breast measure (the thickness of interesting tissue) for small volumes of
breasttissue. Using the quantitative breast measures it is possible to simulate a scatter-
free mammographic examination with a monoenergetic x-ray beam, thus overcoming
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the loss of contrast in dense tissue due to beam hardening. Such an examination allows
the introduction of more or less contrast depending upon the photon energy selected
(the energies used normally in mammography are the result of a compromise between
image quality and radiation dose to the breast - a compromise which we don’t need to
make). The signals which result fromthe simulation of the monoenergetic examination
and scatter removal both require amplification before theoretical exposure to the film.
To achieve this, the automatic exposure control is modeled and the signal is amplified to
get an average filrn density over a control area. The automatic exposure control model
also allows transformation of the original images to simulate different exposures, or
different control unit positions.

As part of the development of the weighted scatter model, it was shown how
the anti-scatter grid makes the scatter component of a higher frequency but lower
amplitude. This occurs because of the way the grid functions to remove photons
incident at unexpected angles (relative to the source). To do this without removing
too much of the primary signal, the grid has to let through photons coming from a
range of angles and therefore lets through scattered photons which have come from
nearby locations. Thus the scatter component relies more on the nearby tissues. This
observation has the important consequence that the scatter component can be more
easily removed digitally whena grid is not used and the scatter is of a lowerfrequency.
Removing the scatter digitally without a grid could reduce the radiation dose to the
breast by a factor of two.

At each step in the development of the models presented in this thesis, the ap-
proximations and assumptions were stated. The error associated with some of these
is extremely difficult to assess, so we verified the final results as comprehensively as
possible. The verification tests took the form of comparing the thickness of “interesting
tissue”, with the values one might expect. The tests were both objective (e.g. comparing
h;,. to measured breast thickness), and subjective {e.g. comparing the percentage of in-
teresting tissue in the breast to how the mammogram appears to a trained radiologist).
In all the example mammographic images to which the algorithm has been applied,
the verification tests have been passed exceptionally well

As well as model-based image enhancement, part of the work in this thesis (chap-
ter 6) investigated the effects of the most neglected aspect of mammography: breast
compression. The investigation took the form of comparing mammograms taken at
different degrees of compression with a view to using the distortion and movement as a
means of aiding diagnosis. We dubbed this novel technique “differential compression
mammography”. We discovered that small differences in compression produced large
changes in the mammogram. The scale of the changes observed augurs well for the
use of the technique as a diagnostic aid in difficult situations, although further inves-
tigation is necessary. There are two problems with applying the technique in practice:
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the extra radiation dose to the breast and the probable necessity of using electronic
equipment (such as video) to view the motion cues. Using electronic equipment will
not bea problem once mammography becomes digital.

The results presented in chapter 6 are a cause for substantial concern about the
robustness to compression of standard image analysis algorithms, and the reliability of
so—alled objective measures calaulated by computer. For example, a pair of mammo-
grams was shown where microcalcifications were actually harder to detect in the most
compressed mammogram because the calcium seemed to squash, leading to a more
blurred image. Other examples showed lesions that were far easier to see in the most
compressed mammograms. Clearly, image processing is not going to be reliable if the
degree of breast compression varies, as it reported to do between radiographers.

In condlusion, model-based image processing is a promising, indeed necessary,
approach to take in safety-critical applications such as mammography. The cost of
creating artifacts or removing important signs could be devastating to the woman
involved. Mammography is well suited to model-based enhancement because it is a
complex process with several degrading factors, although this very complexity makes
any model approximate. It remains to be seen if image analysis algorithms can handle
robustly differences in the degree of breast compression, but the results presented in
this thesis indicate that this will not be easy.

8.2 Further Work

8.2.1 Extending model to other views and systems

The work in this thesis has dealt exclusively with mammograms performed from
the craniocaudal viewpoint on a GE Senographe mammographic system. Extending
some parts of the work to other views and other mammographic systems is not trivial.
There are two major problems: segmentation of the pectoral muscle and availability of
component performance data.

Proper segmentation of the breast area from the pectoral muscle is crucial in work
which requires finding minimum or maximum values within the breast area. Seg-
mentation is therefore needed for the constant scatter algorithm and the automation
of choice of photon energy for the monoenergetic simulation. The weighted scatter
removal algorithm is not affected since an approximation can be made to the scatter
entering the breast area from the muscle, ie. zero.

The pectoral muscle is also the site of the lowest film densities and is where the
linear approximation to the characteristic curve of the film-screen combination fails
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significantly. Although this doesn't affectany of the algorithms presented in this thesis
(the characteristic curve is just an imaging parameter), it does affect the analysis of the
algorithms, and another analytical approximation will be necessary to aid understand-
ing.

The differences between the pectoral muscle area and the rest of the mammogram
mean that different image enhancement techniques should be applied to eacharea. For
example, since the pectoral muscle is much more dense that the breast area it might be
appropriate to have different exposures to the different areas. This could be achieved
by segmentation and the placement of two theoretical autoratic exposure controls:
one under the breast, and the other under the muscle.

The availability of component performance data was a problem with the work in
this thesis. For example, with the intensifying screen data from a Kodak screen was
used rather than from a Fuji screen. The data for the anti-scatter grid, and x-ray tube
on other systems should be similar to those used in this thesis since the equipment is
standard (at Jeast across the UK).

8.2.2 Improving the model and other degrading effects

The model of the mammographic process derived in this thesis contains many ap-
proximations and assumptions, and is therefore inherently improvable. Is it worth
improving it further given that it passed the verification tests in chapter 5 so well? The
answer is that some parts are probably worth more effort, while others aren’t; partic-
ularly since the future of mammography is digital. For example, accounting for film
reciprocity law failure and the calibration of the film-screen combination are probably
not worth improving, however it might well be worth studying the shape of the breast
edge.

8.2.3 Modeling other degrading effects

The model could be extended to cover effects such as glare and the blurring due to
system geometry as they allow further safe sharpening of the images and willbe present
in digital mammography. Modeling such effects requires detailed consideration of the
action of the intensifying screen, and the degree of blur created by photons of different
energies.

One potential degrading factor not directly relevant to our work is the degradation
which occurs to the mammographic film with age. By the time that mammography
becomes digital there will be literally millions of films stored in the UK alone which
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will require digitizing. As the films age they become lighter, and aftera time significant
degradation can occur. This degradation could well be modeled using empirica! data.
It seems likely that such images could be restored simply by re-exposing the film using
our automatic exposure contro] model.

8.2.4 Modeling xeroradiography

Attainment of an objective measure of the breast tissue (i.e. thickness of interesting
tissue) enables further modeling such as performing xeroradiography theoretically.
Xeroradiography is a technique which provides high contrast for subtle tissue differ-
encesand is widely appreciated by radiologists (especially for dense breasts). However,
it is of a lower resolution and, crucially in practice, gives a much higher radiation dose
than conventional screen-film mammography. The problem in modeling xeroradiog-
raphy is in obtaining the data for the various parts of the system as most physicists
appear to have worked only on the low-dose screen-film technique.

8.2.5 Optimizing the monoenergetic simulation

Chapter 5 presented a monoenergetic simulation and explained how the choice of
photon energy might be automated. The automation was based upon making the
average thickness of interesting tissue map to a film density of 1.5, and making the
maximum thickness of interesting tissue map to a film density of 0.6. These pairs of
values were chosen by experience, and might not be optimal. It might be better to map
the average thickness of interesting tissue above the autornatic exposure control to a
film density of 1.5, but this opens up the question of optimal placement of the control
unit itself.

8.2.6 Optimal placement of the automatic exposure control

The automatic exposure control is usually placed towards the back of the chest wall,
without any consideration of previous mammograms. In practice, this placement has
been found to be effective, but it is not perfect and retakes are common. Instead of
taking the average over an area, the automatic exposure control could duplicate our
theoretical method of averaging over the entire breast. The problem with this is that at
the edge of the breast the thickness of interesting tissue falls rapidly and this reduces
the average over the whole breast significantly, making it unsuitable to use. Further
consideration should be given to the optimal exposure, with perhaps a model of what
the viewer perceives.
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8.2.7 Digital scatter removal without an anti-scatter grid

The results in cha pter 5 suggest that the effects of scattered radiation can be removed
digitally without an anti-scatter grid. If this is true, then it might be possible to halve
the present dose to the breast, and still present a satisfactory image.

The firstattempt at investigating this might well involve performing a mammogram
onan intricate phantom without an anti-scatter grid, and then modeling thescatter and
removing it in a similar fashion to the weighted scatter algorithm. The result could
then be compared to the mammogram actually attained when a grid is used.

8.28 Mammography workstation

The mammographic model developed in this thesis allows simulation ofa monoen-
ergetic x-ray beam for any photon energy, and adjustment of the automatic exposure
control setting. Equally, the characteristic curve of the film-screen combination could
be adjusted. These possibilities suggest that a workstation might be provided for the
radiologist with the appropriate settings displayed and manipulable (e.g. exposure in
mAs). Such a workstation would allow a radiographer to use her experience with the
practical system to enhance the images prior to the radiologist viewing them. Alter-
natively, the radiologist might prefer to have automatic digital filtering applied before
viewing: filtering based on model-based techniques where she/he understands the
implications. Of course, similar enhancement would have to be performedon both left
and right mammograms so as not to introduce asymmetry, and that could bea research
topic all in itself.

8.29 Image enhancement to show interval cancers

Diagnosis of breast cancer is by no means faultless, and a number of cancers are
missed by the people involved in the screening programme. These cancers are termed
interval cancers because they appear between calls to screening. Application of image
enhancement to the original screening mammograms to highlight the original signs
(if any) could be a powerful way of convincing radiologists of the benefits of image
processing.

8.2.10 Sorting mammograms into easy and difficult to diagnose

The percentage of the volume of interesting tissue to the volume of the breast appears
to a reliable measure of the breasts appearance (chapter 5). High percentages mean
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that the breast is dense and that the mammograms tend to be difficult to diagnose
from. Low percentages mean that the breast is mainly fat and the mammograms tend
to be easy to diagnose from. Further testing is needed to establish if the radiologist’s
difficulty in diagnosing is linked to the percentage of interesting tissue, or if other
factors suchas texture are important.

8.2.11 Image analysis

Image analysis algorithms must be robust not only to different imaging conditions, but
also to different degrees of breast compression. Robustness is espedally difficult to
obtain with mammographic images because of the different equipment in use across
the countryand the non-standard amount of breast compression applied. For example,
the robustness of an image analysis algorithm to the degree of breast compression can
be determined by running the algorithms on the images produced by the clinical trial
which weinitiated (chapter 6). The outcome is likely to be surprising bearing in mind
the results presented there.

The best way to test the robustness of analysis algorithms to different imaging
conditions is to simulate the effects on the mammogram of the different conditions. In
this way, the same breast image is used and the results will be comparable. The work
presentedin this thesis allows simulation of the effects of different imaging conditions.
It might also be possible to simulate a mammogram performed without an anti-scatter
grid so that the robustness to scatter can be judged. One of the most interesting tests
would beto examine the variation in the performance of analysis algorithms on images
compensated for the spatially varying incident radiation intensity.

As well as testing for robustness, the algorithms proposed in this thesis should also
allow more robust algorithms to be developed by enabling the removal of the imaging
parameters and the effects of scattered radiation before analysis. This opens up the
question of what image should the computer be given to work on? If the image is to
be the same as that received by a human, then the film density image acquired will
have to be transformed prior to analysis into a “transmitted light” image. The idea
could be taken further to give the computer an image to work on which is similar to
that perceived by a human. However, doing this means presenting the computer with
images that have imaging parameters still in, and whereas humans can automatically
adjust, the computer cannot. Thus the computer should work more robustly with
images which have the imaging parameters removed.

Certain feature characteristics depend not only on the imaging conditions but also
on the thickness of the breast. For example, a 2cm cube of cancerous tissue might
appear more distinct in a breast of height 6cm than in a breast of height 8cm. Similarly,
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the degree of blur of an edge will be affected by the breast thickness due to, amongst
other factors, scattered radiation. These facts argue for mapping the breast image
to be as if it were of a standard thickness before image analysis. Using our notion
of interesting tissue it is certainly feasible to map the breast to a new thickness by
keeping the percentage of interesting tissue the same. However, before performing
any mapping careful consideration has to be given to the relationship between the
spatial extent of a feature and its brightness. This has to be considered because it is
possible that a radiologist judges in some way the thickness of an object onthe basis of
its brightness. The idea of mapping to a standard breast thickness is certainly feasible
since tumour size is probably independent of breast size.

8.212 Objective measures

There is much interest in making the computer an objective measurer of mammographic
signs such as edge blur, degree of spicularity and parenchymal pattern. To make
these measurements truly objective the imaging process must be taken into account
and variations removed. It is pointless trying to measure something if part of the
measuring process itself is varying. Use of a model to remove the imaging variations
is, as noted above, probably similar to the way a radiologist automatically adjusts to
take into account the imaging variations. Again though, breast compression will have
to be carefully considered.

8.2.13 Breast compression

In chapter 6, the technique of differentlal compression mammography was explained.
The main argument against this becoming a standard technique is the extra radiation
dose to the breast involved. It could be argued that some of the same information is
available when a magnification view is performed. When the magnification view is
performed the breast is compressed differently from normat and only a reduced volume
of the breast is imaged. The magnified view cannot be compared to the original to
determine relative position changes or tissue spreading because of the magnification
involved. However, it is possible to model the geometry involved in the magnification
view and it should therefore be feasible to transform the image to make it comparable
to the normal mammogram. In this way relative positions can be compared and tissue
spreading assessed without the extra radiation dose to the breast (althoughthe absolute
positions will be lost).

The profiles across specific features under different compressions which were pre-
sented in chapter 7 suggest that the edge profiles of benign lesions change greatly with
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compression. It might be that edge profile is one of the most significant and reliable
characteristics to observe under compression.

Another interesting idea which arose whilst the different kinds of breast tissue were
studied was based on an analogy with rubber: if you extend rubber it gets hotter, by
manipulation of the breast could heat be generated internally and thermography used
to pick up the different areas? The idea is that elastic tissues will store heat, but hard
tissues will not.

A model would be helpful in predicting the changes in a mammogram when the
breast is compressed. As pointed out in chapter 6, very little work has been done
on modeling the breast and this is due in part to the great variance in proportions of
different tissue types between the different breasts. The major reason however is the
lack of knowledge of what to expect when any tissue is compressed. Using the work
in this thesis the mammographic side of the problem can be solved. That is, knowing
the constituents of the breast and positions, a mammographic image can be created
which duplicates what would be seen in practice. If a model of the physical properties
of the breast can be developed it would be possible to experiment theoretically with
differential compression mammography.



Glossary

To a non-medic the medical world is full of undecipherable terms. However, most of
the words have quite precise meanings and are formed in specific ways. For instance,
benign tumours are described by adding the suffix -oma to the name of the tissue from
which they originate. An example of a benign connective tissue tumour would be a
fibroadenoma, arising from the fibrous tissues.

Cancers of connective tissues are indicated by the suffix ‘sarcoma’, thus, for ex-
ample, a malignant tumour of fibrous tissue is known as fibrosarcoma. Cancers of
epithelial or glandular tissue are indicated by the suffix ‘carcinoma’ and therefore the
commeonest cancer arising from the cells lining the ducts of breast tissue is known as
adenocarcinoma.

The following is a list of words used in this thesis and other related ones, with their
meanings. All the definitions are reproduced from the Pocket Dictionary for Nurses,
published by Oxford University Press [103]:

Acinus n. a small sac or cavity surrounded by the secretory cells of a gland.

Aden- (adeno-) prefix denoting a gland or glands.

Adenocarcinoma n. a malignant epithelial tumour arising from glandular tissue. The
term is also applied to tumours showing a glandular growth pattern.

Adenoma n. a benign tumour of epithelial origin that is derived from glandular tissue or
exhibits clearly defined glandular structures. Adenomas may become malignant (see
adenocarcinoma).
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Adenosis n. 1. excessive growth or development of glands. 2. any disease of a gland,
especially of alymph gland (node).

Adipose tissuen. fibrous connective tissue packed with masses of fat cells. It forms a
thick layer under the skin.

Aetiology n. (etiology) the study or science of the causes of disease.

Anastomosis n. an artificial connection between two tubular organs or parts.
Angiosarcoman. a sarcoma arising in the blood vessels.

Anterior adj. describing the front part of any organ.

Apocrine adj 1. describing sweat glands that occur only in hairy parts of the body,
especially the armpit and groin. 2. describing a type of gland that loses part of its
protoplasm when secreting.

Areola n. the brownish or pink ring of tissue surrounding the nipple of the breast.
Afrophy n. the wasting away of a normally developed organ or tissue due to degener-
ation of cells.

Asymptomatic adj. not showing any symptoms of disease, whether disease is present or
not.

Axilla n. the armpit.

Benign adj describing a tumour that is not cancerous.

Calcification n. the deposition of calcuim salts in tissue.

Carcinoma n. any cancer that arises in epithelium, the tissue that lines the skin and
internal ogans of the body.

Caudal adj relating to the lower part or tail end of the body.

Collagen n. a protein that is the principal constituent of white fibrous connective tissue
{(as occurs in tendons).

Congenital adj. describing a condition that is recognized at birth or that is believed to
have been present since birth.

Costal adj of or relating to the ribs. c. cartilage, a cartilage that connects a rib to the
breastbone (sternum).

Cranio prefix denoting the skull.

Cyst n. an abnormal sac or closed cavity lined with epithelium and filled with liquid
or semisolid matter.

Cystic mastitis . chronic mastitis in which the breast feels lumpy due to the presence
of cysts.

Cytology n. the study of the structure and function of cells.

Cytoplasm n. the jelly-like substance that surrounds the nucleus of a cell.

Duct n. a tubelike structure or channel, especially one for carrying glandular secretions.
Dysplasia n. abnormal development of skin, bone, or other tissues.



Ectasia n. the dilation of a tube, duct or hollow organ.

Eczema n. a superficial inflammation of the skin. Eczema causes itching, with a red
rash often accompanied by small blisters that weep and become crusted.

Endocrine gland n. a gland that manufactures one or more hormones and secretes them
directly into the bloodstream (and not through a duct to the exterior).

Epithelium n. the tissue that covers the external structure of the body and lines hollow
structures (except blood and lymphatic vessels). Epithelium may be either simple,
consisting of a single layer of cells; stratified, consisting of several layers; or pseudos-
tratified, in which the cells appear to be arranged in layers but in fact sharea common
basement membrane.

Erythema n. abnormal flushing of the skin caused by dilation of the blood capillaries.
Etiology n. (aetiology) the study or science of the causes of disease.

Eversion n. a turning outward.

Fibre n. a threadlike structure, such as a muscle cell or nerve.

Fibrocyst n. a benign tumour of fibrous connective tissue containing cystic spaces.
Fibrosis n. thickening and scarring of connective tissue, most often a consequence of
inflammation or injury.

Gland n. an organ or group of cells that is specialized for synthesizing and secret-
ing certain fluids, whether for use in the body or for excretion.

Haematoma n. an accumulation of blood within the tissues that clots to form a solid
swelling.

Histiocyte n. a fixed macrophage, ie. one that is stationary within connective tissue.
Histiocytoma n. a tumour that contains macrophages or histiocytes.

Hyalin n. a clear glassy material produced as the result of degeneration in certain
tissues, particularly connective tissue and epithelial cells.

Hyperplasia n. the increased production and growth of normal cells in a tissue or organ.
Hypertrophy n. increase in the size of a tissue or organ brought about by the enlargement
of its cells rather than by cell multiplication.

In situ adj. describing a cancer that has not undergone metastasis to invade sur-
rounding tissue.

Imvasion n. the destruction of healthy tissue by a malignant tumour.

Involution n. atrophy of an organ in old age.

Lactiferous adj. transporting or secreting milk.
Lesion n. a zone of tissue with impaired function as a result of damage or wounding.
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Lipoma n. a common benign tumour composed of well-differentiated fat cells.
Liposarcoma n. a malignant tumour of fat cells.

Lobe n. a majordivision of an organ or part of an organ, especially one having a rounded
form and often separated from other lobes by fissures or bands of connective tissue.
Lumen n. the space within a tubular or saclike part.

Lymph n. the fluid present within the vessels of the lymphatic system, which is derived
from the fluid that bathes the tissues. Lymph is similar in composition to plasma, but
contains less protein and some cells, mainly lymphocytes.

Lymph noden. one of a number of small swellings found at intervals along the lymphatic
system. Groups of nodes occur in the groin and armpit, and other parts. They act as
filters for the lymph and produce lymphocytes.

Lymphatic system n. a network of vessels that conveys electrolytes, water, proteins, etc.
- from the tissue fluids to the bloodstrearn. Lymph passes through fine capillaries into
the lymphatic vessels, which have valves to prevent backflow of lymph. The lymphat-
ies lead to two large channels - the thoracic duct and the right lymphatic duct - which
return the lymph to the bloodstream via the innominate veins.

Lymphocyten. a variety of white blood cell. They are involved in immunity and can be
subdivided into B-lymphocytes, which produce antibodies, and T-lymphocytes, which
are involved in graft rejection etc.

Macrophages n. a large scavenger cell present in connective tissue, and many major
organs and tissues.

Malignant adj. describing a tumour that invades and destroys the tissue in which it
originates and can spread to other sites in the body.

Mammography n. the making of X-ray or infra-red ray photographs of the breast.
Mastectomy n. surgical removal of a breast. Radical mastectory surgical removal of the
breast itself, the lymph nodes in the nearest armpit, and the muscles linking the upper
part of the chest with the shoulder, to combat cancer.

Mastalgian. a pain in the breast.

Mastitis n. inflammation of the breast, usually caused by bacterial infection through
damaged nipples.

Median adj. situated in or towards the place that divides the body into right and left
halves.

Menarche n. the start of the menstrual periods (usually 10-17 years).

Menopause n. the time in a woman’s life when ovulation and menstruation cease and
the woman is no longer able to bear children. The menopause can occur at any age
between the middle thirties and the late fifties; it is associated with a change in the bal-
ance of sex hormones in the body, which sometimes leads to hot flushes, palpitations,
and emotional disturbances.

Menstrual cycle n. the periodic sequence of events in sexually mature nonpregnant



women by which an egg cell (ovum) is released from a follicle in the ovary at four-
weekly Intervals until the menopause.

Melaplasia n. an abnormal change in the nature of a tissue.

Metastasis n. the distant spread of disease, especially a malignant tumour, from its site
of origin. This occurs by three main routes: 1. through the bloodstream; 2. through
the lymphatic system; 3. across body cavities.

Mitosis n. a type of cell division in which a single cell produces two genetically identical
daughter cells. It is the way tn which new body cells are produced for both growth and
repair.

Myo- My- muscle (prefix).

Necrosis n. the death of some or all of the cells in an organ or tissue, caused by
disease, physical or chemical injury, or interference with the blood supply.

Neoplasm n. a new and abnormal growth: any benign or malignant tumour

Nodule n. a small swelling or aggregation of cells.

Nullipara n. a woman who has never given birth to an infant capable of survival.

Oedema n. excessive accumulation of fluid in the body tissues: popularly known
as dropsy.

Papilla n. any small nipple-shaped protuberance.

Papilloma n. a benign growth on the surface of skin or mucuous membrane
Parenciyma n. the functional part of an organ, as opposed to the supporting tissue
(stroma).

Parity n. the condition of a woman with regard to the number of pregnandes she has
had that have each resulted in the birth of an infant capable of survival

Pathology n. the study of disease processes with the aim of understanding their nature
_and causes.

Plasmacytoma n. a malignant tumour of plasma cells.

Pleomorphism n. the condition in which an individual assumes a number of different
forms during its life cycle.

Plexus n. a network of nerves or blood vessels.

Proliferate vb. to grow rapidly by cell division : applied particularly to malignant tu-
mours.

Prosthesis n. any artificial device thatis attached to the body as a substitute fora missing
or non-functional part.

Protoplasm n. the material of which living cells are made.

Protuberance n. a rounded projecting part.

Puerperal adj. relating to childbirth or the period that immediately follows it

Purulent adj. forming, consisting of, or containing pus.
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Sarcoma n. ary cancer of connective tissue.

Scirrhous adj. describing carcinomas that are stony hard to the touch.

Sclero- prefix denoting 1. hardening or thickening, 2. the sclera (eye), 3. sclerosis.
Sclerosis n. hardening of tissue, usually due to scarring (fibrosis) after inflammation.
Stellate adj. star-shaped.

Sternum n. the breastbone: a flat bone extending from the base of the neck to just below
the diaphragm and forming the front part of the skeleton of the thorax. The sternum
articulates with the collar bones and the costal cartilages of the first seven pairs of ribs.
Supernumerary a. in excess of normal number; extra.

Syncytium n. a mass of protoplasm containing several nuclel

Thorax n. the chest.

Trabecula n. any of the bands of tissue that pass from the outer part of an organ to its
interjor, dividing it into separate chambers.

Tumour n. any abnormal swelling in or on a part of body. The term is usually applied
to an abnormal growth of tissue, which may be benign or malignant.




Attenuation of X-ray Photons

The photons of a beam of radiation are removed (attenuated) from the beam either by
absorption or scattering. At the energies at which mammography is performed (10 -
28keV) there are two main attenuation processes: the photoelectric effect (absorption)
and the Compton effect (scattering). In the photoelectric effect a photon is completely
absorbed by the tissue, part of its energy being used to free an electron from an atom
or molecule, the rest being given to the freed electron in the form of kinetic energy.
The Compton effect results when a photon is scattered by an effectively free electron,
continuing with less energy, the difference being given to the electron in the form of
energy of recoil. The photoelectric effect is greatest for low-energy photons, whilst
the Compton effect starts to dominate at much higher energies. The actual processes
involved are highly complicated and are explained fully in [5] and [96].

Those x-ray photons which are not attenuated are said to form the primary beam.
Beer’s law for pencil beams relates the number of incident x-ray photons (¥§), number
of primary beam photons (¥7*), thickness of a material (%) and linear attenuation
coefficient of the material (i) at any one photon energy (/7):

M) = MR o hiE) (B.1)

The linear attenuatjon coefficient is related to the density of the material, the atomic
number of the material, and the photon energy 7. It refers to the proportion of the
photons at the specified energy which are removed per centimetre and it has units cm™'.
The coefficient s Is made up of terms for attenuation by both scattering (Compton effect)
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and absorption (photoelectric):
1 7) = p(F) + pal ) (B.2}
Application of Beer’s law to a non-diverging monoenergetic beam of finite di-

mension (area 4) with known inddent and exiting intensities provides an average
attenuation value:

T
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Note that this is not the average /i over the area, and consequently will be an over- or

under-estimate depending upon the distribution of 2« over the area. If the distribution
is uniform then the equation gives the true average attenuation.

There s usually more than one material in the path of an x-ray and so equation (B.1)
is often written as:

;\';rn{( E) - ‘,\'6""](F;)ﬁ‘{hll‘l(’:’]"‘”“"}‘d"(E)+"+]"‘/"I(E))’
where h; isthe total thickness of material 1, and y;(F7) is its linear attenuation coefficient

at photon energy 7. For polyenergetic x-ray beams it becomes necessary to integrate
over all the photon energies.



Diagnosing Breast Cancer

C.1 Introduction to mammography

Mammography is the process by which a breast is exposed to an x-ray source to create
a projective image showing differences in x-ray attenuation. Parts of the breast which
consist of dense tissue rather than fatty tissue, attenuate a greater number of x-ray
photons. The darkness of the film is related to the number of number of photons which
pass through the breast. Thus, fatty tissue within the breast is represented by dark
areas whereas denser structures are represented as light areas.

Mammography is the only method presently suitable for mass screening of women
for breast cancer. It is both relatively cheap and effective in revealing the subtle and
sometimes minute signs of early breast cancer [12], although some 8% of cancers are
missed [67] and 70-80% of open surgical biopsies are benign [91].

The difficulty of the radiologlst’s task in dlagnosing breast cancer from mammo-
grams is due to several reasons. The most obvious difficulty is the projective nature
of mammography, whereby dense tissues can be projected next to each other to form
composites which look suspicious. Composites formed in this way are not unusual be-
cause the attenuation properties of different breast tissues, both normal and neoplastic,
are similar. The next problem is that some breasts are very dense and their mammo-
grams are very bright (figure C.1); this hides the bright patterns due to cancer. Another
problem is that some signs of breast cancer are minute and can be simply missed if
the mammogram is not studied sufficiently closely. The last, and perhaps the most
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Figure C1: An example of a mammogram of a dense breast. The radiologists task
can be made exceptionally difficult, if not impossible, In breasts which are dense.
Mammograms of women taken before menopause often appear like this, and it is the
reason that hospitals in the UK generally do not perform mammography before the
age of 35.

important problem, is that many mammographic signs only probably indicate breast
cancer. Theseambiguous signs have to studied with evidence accumulated from other
modalities.

Clearly, the radiologist’s task is difficult and the purpose of this appendix is to give
the reader a sense of what diagnosing from mammograms entails. We firstly explain the
screening procedure, and then briefly examine the two stages of the radiologist’s task:
detection of possible abnormalities and interpretation of abnormalities. The reader is
referred to one of several books on the subject for more detailed explanation of how
breast cancer is diagnosed [79], [84], [12].




(a) {b) @
Figure C.2: Woman positioned for (a) cranio—caudal (b) 45° mediolateral oblique (c)
mediolateral mammogram.

C.2 Screening programme

The screening programme involves women between the ages of 50 and 64 years at-
tending for mammography every 2 or 3 years [31]. The screening clinic {5 often mobile
and involves only radiographers. The women who attend have one mammogram
performed on each breast. This screening mammogram Is performed from the 45°
medio-lateral oblique view, figure (C.2). The 45° medio-lateral oblique view is used
because it includes the pectoral muscle, which is a potential site of cancer.

The mammograms from the screening unit are taken to a stationary breast care unit
where they are examined by a radiologist. If, on the basis of this examination, the
radiologist finds any suspicious signs then the woman is recalled to an assessment
clinic. Around 10% of women are recalled to the assessment clinic where further
mammograms at different views are taken. The two extra views are the cranio-caudal
and the medijo-lateral (also shown in figure C.2). Often the extra views are enough to
convince the radiologist that there is no cancer present. However, if the radiologist
fs still suspicious the woman might well be referred for ultrasound, palpation or fine
needle aspiration biopsy. If the radiologist and breast care team have not been able to
resolve their suspicions, the woman Is either sent for open surgical biopsy, or asked to
return in 6 months.

C.3 Detection of mammographic abnormalities

After checking that the mammogram is of a high enough quality and that it displays all
the relevant information, Caseldine et al {12] recommend a systematic search to detect
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mammographic abnormalities:

1) Compare the mammograins of both breasts for “symmetry”. Particularly impor-
tant is asymmetry of the duct shadow, but also note the shape of the glandular
tissue and any asymmetry of density. An example of what radiologists term
asymmetry is shown in figure (C4), whilst an example of symmetry is shown in
figure (C.3).

2) Carefully inspect the skin and subcutaneous fat around the entire periphery of the
breast image, looking for skin thickening, lack of definition of the deep surface of
the skin and any excess of linear shadows traversing the fatty space between the
breast tissue and the skin. It is important to compare the appearances at a site in
one breast with those in the same position on the other side, beforean appearance
is judged to be abnormal. Figure (C.5) has an example of skin thickening.

3) Compare the nipples and subareolar regions: is the nipple everted or Indrawn?
Are the subareolar ducts more prominent than usual? Are they the same on both
sides?.

4) Inspect every square centimetre of both breasts looking for distortion of the normal
parenchymal pattern, including, very importantly, any interruption of a linear
shadow which may be present.

5) Reinspect every square millimetre of both breasts using a magnifying lens in a
search for calcifications.

6) Look specifically at the axillary region of both sides to detect the presence of
glands.

C.4 Interpretation of mammographic abnormalities

C.4.1 Mass lesions

A mass lesion is commonly defined as an area of increased density (lLe. increased
brightness). The margin of a lesion is the most reliable indicator of malignancy. Benign
lesions (such as cysts or fibroadenomas) usually have a smooth, well-demarcated mar-
gin, often surrounded by the halo of fat it has displaced. Figure (C.6) shows a benign
lesion in a thick breast.

If part of the margin of a lesion Is ill-defined, it is probably malignant. It is often
difficult to be certain if a part of the margin is genuinely ill-defined, or if it is obscured



Figure C.3: An example of where a radiologist would use “symmetry” between left and
right mammograms. At first glance a non-expert might note as suspicious the bright
diffuse line towards the bottom of the each mammogram. However, the presence of
the line in both mammograms, and the rarity of bilateral breast cancer, indicate that the
line is harmless.
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Figure C4: An example of what a radiologist would call “asymmetrical” mammo-
grams. There is a large area of increased density in the left mammogram, and no
stmilar occurrence is found in the right mammogram. In this case, the area of increased
density turned out to be of no concern.



Figure C.5: An example of skin thickening. Normally the breast edge cannot be seen
on a mammogram, but sometimes the skin thickens and the edge becomes apparent.
Skin thickening can be a secondary slgn of cancer, and might sometimes be the most
obvious suspicious sign.
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Figure C.6: The round shape in the bottom left of the mammogram is a benign lesion
(a cyst). Itis not that clear in this mammogram due to the surrounding dense tissue.

by overlying parenchymal shadowing. Figure (C.7) shows a lesion which looks well-
defined onmost sides but is in fact malignant. An irregular spiculated margin indicates
a malignant lesion, particularly if the spicules are relatively short for the size of the
lesion. Figure (C.8) shows a spiculated lesion.

The texture of a lesion can also be used for diagnosis. A homogeneous lesion is
more likely to be benign than one which is non-homogeneous, whilst a lesion denser
than the surrounding breast tissue is more likely to be malignant than one which is less
dense.

C.4.2 Calcifications

Calcification can be one of the earliest signs of breast cancer, and is thus considered tobe
extremely important in screening. Large, coarse, scattered cakcifications are invariably
benign (figure C.9), as are small, rounded calcifications (figure C.10). However, clusters



Figure C.7: Despite looking well-defined around most of its border, this lesion is in fact
malignant.



198

Figure C8: A spiculated malignant mass: spicularity is a classic sign of malignancy.
Sometimes the spicules attach themselves to the chest wall or the skin (in which case
clinical signs can appear such as tethering).
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Figure C.9: An example of breasts with coarse calcifications. Coarse calcifiations are
not indicative of cancer.

of fine calcifications are likely to signify malignancy, especially if the particlesare linear
or branching (i.e. in the ducts). Groups of calcifications of mixed size with irregular
shapes are also likely to signify malignant than benign disease. Figure (C.11) shows an
example of a malignant cluster of calcifications.

C.4.3 Parenchymal deformities

Parenchymal deformities can be one of the first signs of breast cancer. The title covers a
broad band of abnormalities which are detected fromasymmetry or subtle distortion of
the normal parenchymmnal pattern. If the parenchyma appears pushed aside by a lesion,
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Figure C.10: Small rounded calcifications are usually benign.
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Figure C.11: Anenlarged view ofa cluster of malignant calcifications. Notethe irregular
shapes of the particles and the number of particles, both of which are considered to be
signs of suspicion.
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the lesion is likely to be benign. If the parenchymal strands are pulled in towards
a lesion it is more likely to be malignant. If the parenchymal strands are actually
interrupted by a lesion, it is highly likely to be malignant.

C.4.4 Reaction of a lesion

Lesions sormetimes cause secondary signs to appear in mammograms, and these sec-
ondary signs might be the only visible sign of the cancer. Localized skin thickening is
one of the more comumon secondary signs. It is almost always associated with a fairly
obvious subcutaneous reaction (linear shadows reaching across subcutaneous fat layer
to skin). The deep surface of the skin becomes slightly spiculated in the early stages
and finally the thickened segment of the skin is drawn in towards the lesion. This
strongly suggests malignancy. Distant skin thickening may be observed secondary to
lymphatic obstruction or to oedema produced by a lesion. When detected, it is a highly
significant finding.

A number of prominent ducts extending from a lesion towards the nipple strongly
suggests malignancy, particularly if as a group they have a biconvex appearance, con-
verging both on the lesion and on the nipple. A fan-shaped group of prominent ducts
extending from the nipple is likely to be due to duct ectasia (benign).



Digitization Using a CCD Camera

The mammograms used for the work undertaken for this thesis were initially digi-
tized using a CCD camera (Panasonic WV-CD50, Pulnix TM526 CCD+B5CS). These
digitized images were abandoned because we could not discover how toremove the
camera variables in order to transform pixel values into film densities. Figure (D.1)
shows the main problem which we encountered. In this image, the intensity level of
a uniform piece of black card is seen to vary considerably depending uponthe overall
brightness of each horizontal line. Figure (D.2) shows the pixel values recorded for an
image consisting of a piece of black card with different length horizontal grey strips but
without the white saturated, again the suppression effect is observed. The illuminating
light in both cases was constant, as seen by taking an image of a uniform blank card.

Toexplain the suppression effect, the relationship between light transmitted through
a film (7}) and pixel value P was investigated. We did this using a light box and a strip
of film which had a series of known film densities on. The relative intensity of the
light received by the camera can be estimated from the light transmitted through the
film which is found fromthe film density. The relationship of transmitted light to pixel
value on any one horizontal line was almost perfectly linear within the bounds of the
cameras sensitivity, figure (D.3).

It was our original intention to increase the dynamic range of our mammographic
images by taking light and dark pictures of each mammogram and then combining
them. We envisaged doing this by placing a calibration strip along the bottom of each
film. However, because the camera is only linear along each horizontal line the linear
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Figure D.1: An image taken with a CCD camera. All the external camera controls are
switched off. The image shows that there is still an AGC circuit at work since horizontal
lines with high brightness have their pixel values suppressed. This effect cannot be
due to “blooming” or “smearing” from the saturated white levels since in these cases
the pixel values would rise.
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Figure D.2: A copy of an image in which a piece of black card with different length
grey strips was imaged. The values down either side show the suppression ofthe pixel

values as the overall brightness of the horizontal line increases.
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Figure D.3: The relationship between light reaching a CCD camera (Le. the light trans-
mitted through the film) and pixel value is practically linear for any one horizontal line
within the bounds of the cameras sensitivity and when all external camera options are
switched off.

variables need to found for each line and this seemed excessive and unreliable. Instead,
we tried to predict the cameras output based on a conjectured link between the camera
variables and the average input intensity of light:

P='P+u('r|—-'r;)

The relationship between T}, P and « is complex and despite some results indicating that
there is a relationship we did not take the investigation any further. Our investigations
were not helped by the apparent lack of knowledge of their products displayed by the
camera manufacturers.




Calibration Using a Lucite Step Wedge

The model of the mammographic process described in chapter 3 requires that the
relationship between film density (7) and relative energy imparted to the intensifying
screen (I7) be known. Idealy, the energy imparted to the intensifying screen in an area
would be measured and plotted against the film density measured in that area using a
densitometer. Unfortunately, it is extremely difficult to measure the energy imparted
to the intensifying screen accurately. We approximate the relationship between relative
energy imparted to the intensifying screen and film density by using a lucite step wedge
as shown in figure (E.1). An exposure of this step wedge was performed before every
mammogram used in this thesis and it was assumed that the film processing conditions
do not change greatly over the short period of time between developing the step wedge
and developing the mammogram.

Lucite was used for the step wedge because of the similarity between the attenuation
properties of lucite and that of breast tissue consisting of half fat and half interesting
tissue. This can be seen by comparing the linear attenuation coefficient of lucite with
those of fat and interesting tissue, figure (E2).

The mammography machine which was used for this work has only a limited
range of manual exposure settings. Consequently, to obtain the complete range of
film densities and thereby get the full characteristic curve requires that some object be
placed over the automatic exposure control to give a suitable exposure. We calculated
that a block of lucite big enough to cover the automatic exposure control and 3.59cm
thick was suitable. This thickness gives an exposure in terms of mAs of around 30,
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Figure E.1: The lucite step wedge which weuse to find the relationship between relative
energy imparted to the intensifying screen and film density. The height of each step of
lucite is given above it, and beneath the wedge is given the thickness of lucite through
which the photons actually have to pass to reach the screen, given the geometry of the
system: the wedge is always placed with the focal spot directly above the middle of
the wedge.
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Figure E2: Values of the linear attenuation coefficients for lucite, calculated from the
mass attenuation coefficients as reported by by Hubbell [50] using a lucite density of
1.180 g cm~3. Also shown are the linear attenuation coefficients for fat and interesting
tissue.
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Figure E.3: Characteristic curve aalculated using a lucite step wedge. Two curves
are shown, one with a scatter estimate (squares) and the one using just the simulated

primary (crosses) energy imparted.

and this is enough to produce a range of film densities from 0.2 to 3.7 (the full range
available on the film).

With the lucite block over the automatic exposure control the step wed ge was placed
along the back of the film, where the chest wall is usually. Positioning is important
because it is known that the incident radiation intensity varies greatly from the usual
posltion of the chest wall out towards the nipple, but not much laterally. With the
lucite step wedge always in this position it is simple to use the system geometry to
calculate the actual thickness of lucite through which the photons must pass to reach
the film. Using these thicknesses the relative energy imparted to the screen can be
simulated using the model and incident energy spectrum presented in chapter 3. A
scatter contribution is calculated on the basis of the ratios calculated by Bames and
Brezovich [4] corrected for use of anti-scatter grid. The height of lucite used for the
scatter contribution is the height of the particular step, this seemns reasonable because
the steps are large and the scatter locations are quite local when a grid used (as shown
in chapter 5).

Table (E.1) gives the relative energy imparted for each step from this simulation,
also given, for interest, is the effective attenuation coefficient of the lucite; this shows
the beam hardening effect. Figure (E.3) shows the characteristic curve given by using
the scatter estimate and by ignoring scatter.
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Table E.1: The relative energies imparted to the intensifying screen by photons passing
throughalucite step wedge as calculated in a simulation: /7 is the height of the step (the
actual height seen from the focal spot is given in figure E.1; 4 is the effective attenuation
coefficient of the lucite; 2, is the relative energy imparted due to the primary beamy
I is the relative energy imparted due to primary and scatter; /. is the logarithm of the
relative imparted energies of 2.
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