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Introduction

Breast cancer is one of the leading causes of death among women. There is considerable
evidence that early diagnosis and treatment significantly improve the chance of survival for patients
with breast cancer (refs. 1-6). At present, x-ray mammography is the only diagnostic procedure with
a proven capability for detecting early-stage, clinically occult breast cancers (refs. 5-8). Although
mammography has a high sensitivity for detection of breast cancer when compared to other
diagnostic procedures, studies indicate that radiologists identify only 70 to 90% of the lesions
present (refs. 4-6, 9-11). The miss rate is particularly high in dense breasts (refs. 12, 13).
One of the difficulties in interpretation of mammograms by radiologists is caused by the
limited latitude and contrast sensitivity of mammographic screen/film systems. Mammographic
abnormalities related to early breast cancers include clustered microcalcifications, spiculated and
irregular masses, areas of parenchymal distortion, and skin thickening (refs. 14, 15). These
abnormalities are often subtle and low contrast. Therefore, low energy radiation and high contrast
screen/film systems are recommended for mammographic imaging in order to increase the contrast
between the lesion and the background tissue. Despite the use of vigorous compression during
examinations (ref. 16), the low-energy x-ray beam results in a wide dynamic range (the ratio of the
maximum to the minimum x-ray exposure at the detector) for the radiation penetrating the breast.
This range can be greater than 100 (ref. 17) . On the other hand, high-contrast film provides a
narrow latitude which is about 10 for a typical mammographic system (refs. 18, 19). As a result,
thick and glandular regions of the breast are often imaged at the toe of the sigmoid-shaped
sensitometric curve of the screen/film system; whereas, thin peripheral regions are imaged at the
shoulder. The contrast and signal-to-noise ratio (SNR) of mammographic features are greatly
reduced in these regions due to decreased film gradient and increased noise. The contrast sensitivity
of the human visual system also drops rapidly as the film density increases (refs. 20-22). Kopans
(ref. 12) found that 70% of breast cancers in women with dense breasts are in the periphery of the
mammary parenchyma adjacent to the subcutaneous fat or retromammary fat. The poor image
quality in the peripheral region thus imposes a serious limitation on the sensitivity of cancer
detection in breasts with dense fibroglandular tissue.
We proposed a practical and cost-effective exposure equalization method for reducing the
dynamic range of the x-ray image. The shapes of compressed breasts of the patient population will
be analyzed and classified into a finite number of groups. A shaped filter for attenuating x-rays in
the peripheral region of the breasts will be fabricated for each group. For a given patient, the breast
shape during compression will be classified into one of these groups and the filter for the selected
group will be used for this patient. With this technique, the dynamic range of the x-ray intensities
incident on the recording system will be reduced and the entire image can be recorded in the high
contrast region of the film. The improved image quality can be achieved without additional
radiation dose to the patient. Furthermore, a very high-contrast mammographic technique may be
developed in combination with exposure equalization to further improve the signal-to-noise ratio
(SNR) of the subtle lesions. We expect that the optimized technique will significantly improve the
detectability of cancers in mixed and dense breasts and increase the efficacy of mammography as a
screening and diagnostic tool for breast cancers.
In the course of the research, we have conceived a new approach to the implementation of an
x-ray equalization filter for mammography. In this new approach, the patient breast will be
immersed in a compressible tank containing a tissue-equivalent fluid which is compressed together
with the breast for the x-ray exposure. The fluid will fill any space between the breast, the cassette
holder and the compression paddle. Therefore, the filter is truly patient specific and tissueequivalent. We have performed preliminary studies to identify possible tissue-equivalent liquids and
to design the compressible tank. Detailed discussion is included in the Body of this report.
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Body
In the second year (7/11/96-7/10/97) of this grant, we have performed the following

studies:
(a)

Completion of the study of breast shape classification

We reported the results of our study of breast shape classification for designing filters in
last year's progress report. An issue that was not addressed in last year's study is how to establish
a more objective way to determine the optimum number of breast shape filters. In general,
better fits between the filters and the individual breast borders within each class are achieved
when more classes and therefore greater numbers of filters are employed. However, use of a
large number of filters would make implementation of our equalization technique impractical and
expensive. To assess the effect of using different numbers of filters, we previously used the
average RMS distances between the breast borders in a given group and the average filter for that
group as a measure of the "goodness of the filter". The average RMS distances were computed
for a variety of classification schemes in which 2 to 10 classes (and filters) were employed.
Recently, we developed two statistics to better evaluate the goodness of the classification and
compared the relative merits of classification into different number of classes.
One of the new statistics that we derived to assess the goodness of a filtration scheme is
the overall mean RMS distance for all of the filters within that scheme. It was computed using
the equation:
N

p

g

I SRMSi

d = ^iM

,

where N is the total number of clusters (e.g., 2, 3, 4, 5, 6, 8 or 10), Pg is the number of borders in
cluster g, RMS i is the RMS distance between border i and the filter for cluster g, and T is the
N

total number of borders (e.g., T = ^ Pg).
g=i

The second statistic is a figure of merit (FOM). The equation employed was:

2(Pg/(RMSg)2
FOM =

VN

where Pg and N are as defined above, and RMSg is the average RMS error for cluster g. The
denominator in this equation ( VN ) is a term that penalizes the use of larger numbers of clusters,
and the numerator gives greater weight to those clusters having greater number of borders and
smaller RMS errors.
The overall mean RMS errors are listed in Table 1, below, and the FOM is plotted in
Figure 1. The results in Table 1 indicate that the goodness-of-fit, as represented by the overall
mean RMS distance error, generally improves as the number of clusters increases. However, the
improvement is not very great beyond 3 or 4 clusters. This is true for both the CC-view and
MLO-view data as well as for the filters formed by fitting the original compressed breast borders
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with two coefficient (a,b), and 3-coefficient (a,b,c) polynomials. The figures of merit shown in
Figure 1 exhibit maximum values at 3 clusters. Taking both of these statistics into account, it
appears that 3 or 4 filter shapes for each view are optimum. This estimate, however, ignores the
differences in the exposure distribution striking the detector resulting from variations in the
thicknesses of the breasts within each subclass. It is likely that three filters will be required to
compensate for this effect for each breast shape class. For example one could employ filters
offering different degrees of equalization for thick, medium, and thin breasts. Thus, the total
number of filters required for each view will be around 9 or 12. Both of these numbers are
within a practical range for the implementation of the equalization technique.
Table 1. Overall mean RMS distance between individual borders and "filters"
Overall Mean RMS Error (mm)
Total no. of clusters
2
3
4
5
6
8
10
6 hybrid
6 using Z-scores
6 (2 best from 6 clusters
+ re-cluster remaining
into 4 clusters)
7 (2 best from 6 clusters
+ re-cluster remaining
into 5 clusters)
8 (2 best from 6 clusters
+ re-cluster remaining
into 6 clusters)
8 hybrid

MLO-View
ab-fit*
2.54
2.33
2.25
2.19
2.18
2.12
2.09

MLO-View
abc-fit**
3.34
3.18
3.24
3.11
3.12
3.07
3.11
2.68

-

CC-View
abc-fit**
3.11
3.05
2.97
2.98
2.97
2.91
2.89
2.69
2.99

2.63

-

-

2.63

-

-

-

2.62

-

-

-

-

3.03

-

-

CC-View
ab-fit*
3.02
2.73
2.68
2.67
2.66
2.48
2.48

-

2

3

*ab-fit = original compressed breast borders fit using the equation y = ax + bx
2,3
4
** abc-fit = original compressed breast borders fit using the equation y = ax + bx + ex .
We have written a manuscript to summarize the classification study. It was submitted to
the Medical Physics journal for consideration of publication in May of this year.
The significance of this study is that, using a large data base of about 500 mammograms in
each mammographic view, the results support our hypothesis that a small number of prefabricated filters will be sufficient to allow selection of a nearly patient-specific filter for each
breast being examined. This is the basis of our approach to exposure equalization in
mammographic imaging.
(b)

Simulation Study of Effects of Filter Alignment
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We have conducted a simulation study to evaluate the effects of filter alignment on a
filtered image. A ray tracing method is used to determine the change in the optical density at a
given pixel location on a mammogram when a filter is inserted between the breast and the x-ray
focal spot. A flow diagram of the steps of the simulation study in which a filtered mammogram is
digitally derived from an unfiltered mammogram is shown in Fig. 2.
(1)
A clinical mammogram is digitized. The optical density (OD) at a given location is
represented by pixel values, as determined by the digitizer's calibration curve (a low OD is
digitized to a large pixel value).
(2)
The computer performs edge detection and determines the breast shape. Automatic
classification is performed and a prefabricated filter that matches the shape of this breast is
found.
(3)
The pixel value of the digitized mammogram is converted to OD using the digitizer's
calibration curve.
(4)
The OD at a given pixel is converted to the relative incident exposure (Et) to the film by
using the sensitometric (H & D) curve.
(5)
The primary exposure (Ep) to the film is derived from Et by correcting for the scattered
radiation (Es) at the pixel location: En = Et [1 - Es/(Ep + Es)].
(6)
The selected filter is automatically aligned to the breast. By tracing an x ray through the
filter, the exposure reduction factor at a given pixel due to filter attenuation is determined.
(7)
The primary exposure to the film after filtration is calculated and the total exposure, i.e.,
primary plus scatter, is derived by using the scatter fraction.
(8)
The exposure is converted to OD by using the sensitometric curve of the film.
(9)
The decrement in OD at the pixel location is calculated as the difference between the
original unfiltered OD and the OD after filtration, and the corresponding increment in
pixel value is looked up from the digitizer's calibration curve.
(10) The pixel value increment matrix is smoothed before being applied to the unfiltered
mammogram to reduce the fluctuation created by the digital simulation process.
(11) The filtered image is derived by summing the unfiltered image with the smoothed pixel
value increment matrix.
An example of a mammogram being filtered by the simulation process is shown in Fig. 3.
Fig. 3(a) is the original unfiltered image. Fig. 3(b) is the pixel-dependent exposurereduction
factors calculated from the selected filter for this breast. Fig. 3(c) is the filtered mammogram. It
can be seen that the gray levels within the breast remains the same after filtration. Around the
breast periphery, however, the OD is decreased and the visibility in this region is improved. In
the nipple region, there is a slight shadowing because the nipple of this breast retracts and the
filter shape and slope derived from an average breast cannot match this specific condition.
Notice that there are many artifacts outside the breast. They are caused by the digitizer
and will not exist in a real filtering process. The horizontal streaks are caused by blooming and
charge transfer of the CCD. The different intensities of the left and right sides of the image are
due to the unbalanced sensitivities of two butted CCD sensors. These artifacts are strongly
enhanced by the large uncertainties during sensitometric conversion from OD to relative exposure
and vice versa in the extreme OD region outside the breast (shoulder of the H & D curve).
A second example demonstrating the effects of exposure equalization on a mammogram is
shown in Fig. 4. The visibility of the periphery of the breast is again improved. The skin
thickening near the nipple can be seen more clearly in the filtered image. The skin thickening is
much denser than the normal skin lines. Some shadowing can be observed in the upper part of the
breast boundary. This is probably caused by a mismatch between the 3-D profiles of the breast
and the average filter.
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The simulation studies indicate that, with automated breast shape classification, filter
selection, and alignment, it is feasible to implement the external x-ray beam equalization
technique in a mammography system. Furthermore, this implementation should only require
minimal additional operator intervention. A filter designed for a given breast shape class can
match fairly well to patient breasts in that class. Some mismatch artifacts can be observed locally,
but they do not disturb the visibility of the structures in the breast image. For a given breast shape
class, if additional filters of different thicknesses are built, e.g., three thicknesses for thick,
medium, and thin breasts, respectively, matching of OD at the periphery will be improved. We
are in the process of designing a figure-of-merit to quantify the degree of misalignment.
(c)

Monte Carlo Modeling of Mammographic Imaging System

We have been developing a Monte Carlo simulation model of the mammographic imaging
system (Fig. 5) using the MCNP code from the Los Alamos National Lab. In the progress report
last year, we reported the simulation of photon scattering in mammographic imaging without an
antiscatter grid. In the current year, we have completed modeling of the grid and have performed
simulation studies to determine the distribution of scattered radiation recorded at the detector.
Fig. 6. shows the comparison of the scatter fractions along a radius of our CIRS breast phantom as
determined by Monte Carlo simulation and by experimental measurements for the case without
grid and for the case with a grid. To evaluate the increase in the scatter fractions at the boundary
of the breast, we simulated photon scattering in a flat slab of 50% glandular/50% fat material that
did not have the elliptical cross section at the boundary. The comparison of the scatter fractions
for the breast phantom and for the flat slab is shown in Fig. 7. It can be seen that the peak of the
scatter fraction at the breast boundary was due mostly to the decrease in thickness towards the
breast periphery. Both the primary and scattered radiation increased as the breast thickness
decreased. However, the scattered radiation increased more rapidly than the primary radiation at
the beginning, but the scatter eventually decreased when the breast thickness further decreased to
near zero at the boundary. With exposure equalization, the peaking of the scatter fraction will not
occur and the image contrast will be improved.
With the Monte Carlo simulation model, we plan to evaluate the dependence of image
quality on the various imaging parameters, including the x-ray spectra from different anode
materials, the kVp, screen-film and digital detectors, and antiscatter technique with an air gap or
with a grid. The dependence of image quality on imaging technique will be studied for different
breast composition and thicknesses, and with and without x-ray equalization. The technique
parameters can then be optimized for each type of breast. The improvement of image quality with
x-ray equalization will be determined.
(d)

Prototype Filter Construction and Experimental Evaluation of Filter Alignment

After the classification of breast shapes, we could design an average filter for each of the
breast shape groups. In last year's progress report, we discussed the determination of the
exposures to the screen/film detector along normals to the filter border. The relative exposures
along the normals were obtained for each breast border in a particular group. The average
exposures along each normal for the breast shape group were then derived. An example of the
average filter border for a given breast shape group and the normals to the breast border is shown
in Fig. 8. With the average exposures along the normals to the breast borders for a given x-ray
spectrum, we could calculate the filter thickness profiles along the normals. The filter thickness
at a given point using a chosen material was equal to the thickness needed to attenuate the x-ray
beam so that its intensity at the detector was about the same as the average intensity behind the
central part of the breast. The thickness profiles along the discrete normals were then used to
create a three-dimensional (3D) model of a solid filter by interpolating along the surface.
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We evaluated two approaches for constructing an x-ray equalizing filter. These involve
using either solid or liquid materials for the filter. If a solid material is used, the 3D model itself
will be employed to fabricate the filter . If a liquid material is used, the 3D model will be
employed to fabricate a negative mold for the filter. The two approaches are illustrated in Fig. 9.
We had fabricated solid filters with aluminum and Teflon. We also constructed two thin negative
molds to test the use of an iodine contrast agent as a filter material, as well as several negative
molds with Styrofoam to test other liquid materials including barium sulfate, water, and saline.
We compared breast phantom images taken with and without the x-ray equalizing filter using a
GE DMR mammography system. A pair of unfiltered and filtered images of our 4.5-cm-thick
CIRS breast phantom with 50% glandular/50% fat composition are shown in Fig. 10. The filter
used in this example was a negative Styrofoam mold with saline as the filter material. It can be
seen that the filter under-compensated the phantom periphery, probably because the slope and the
curvature of the hand-crafted foam mold did not exactly match the border of the phantom.
However, the visibility of the periphery region of the phantom image was improved after
equalization, especially at the nipple region, where the fat envelope enclosing the phantom was
clearly seen.
(e)

New Approach to the Development of a Patient-Specific Filter

The experiments in x-ray equalization filter construction indicated that our new negativemold method would be a more practical way to make an external equalization filter. Liquid or
even solid filters can be made from a negative mold which is easier to fabricate than a solid
machined filter. However, our experiments also revealed that the alignment of the equalization
filter to the breast phantom is critical, even at a relatively large magnification factor. The
projection of the filter edge to the phantom image is sharp so that misalignment will create clearly
visible transition regions on the image. A computerized automatic alignment device will alleviate
this problem, although some shadowing may still be observed in local regions on some breast
images because of the slope and curvature mismatch, as demonstrated in the simulation study.
We have recently conceived a new technique that promises to be practical and will
produce superior images. It will provide a truly patient-specific, tissue-equivalent filter around
the patient's breast to reduce the x-ray intensity. Our new approach is to immerse the breast in a
compressible tank containing a tissue-equivalent liquid, which will be compressed together with
the breast for the x-ray exposure. The tissue-equivalent filter will therefore fit breasts of any
thickness and shape, and it can be utilized to image the breast in any mammographic view. In
order to avoid liquid leakage at the chest wall, the breast will be imaged in a new geometry
similar to that employed in prone breast biopsy systems such that the compressible tank will be
installed under the table. This approach will also allow combined mammography and ultrasound
imaging in the future, which will further improve cancer detection. A commercially available
Fischer biopsy table with an undertable x-ray tube and a conventional screen-film detector will be
well-suited for this implementation of our new x-ray equalization technique. We are preparing a
request for change in equipment purchase from the approved upright mammography system to
this prone system. The request will be submitted separately.
We conducted a preliminary study to evaluate the effectiveness of this system. The
preliminary study was performed with an upright mammography system. A CIRS breast phantom
that has the shape of a compressed breast was placed horizontally in a rectangular container which
contained a fluid filled up to the surface of the phantom. The fluid therefore filled all the space
around the breast, simulating the situation with a compressible tank. We tested several fluids for
their tissue equivalency including water, saline, mixtures of alcohol and water in different
proportions, and emulsions with different fat contents ranging from 10% to 50%. Two different
CIRS phantoms, one 4.5 cm thick with 50% glandular/50% fat composition, the other 6 cm thick
with 20% glandular/80% fat composition, were tested with these potential filter materials. We
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found that a 90% alcohol/10% water solution and an emulsion with 50% fat content were the best
tissue-equivalent materials of those tested. Fig. 11 shows a comparison of the phantom images
acquired before and after exposure equalization using the alcohol/water solution. Fig. 12 shows
another example using the 50% fat emulsion. It can be seen that the periphery of the breast
phantom images were almost perfectly equalized. Fig. 13 compares the optical density profiles
along the radii at the periphery of the phantom images in Fig 11 before and after equalization.
The optical densities after equalization were almost flat except for the narrow region across the fat
envelope of the phantom. There were no misalignment artifacts caused by the filter, but there
were some artifacts caused by air bubbles that formed around the phantom surfaces. These
preliminary results indicate that the new approach for x-ray equalization is superior to the
previously proposed method.
With this new approach, the major task is to design and construct the breast
immersion/compression system. We have begun an initial design and set the following criteria in
order that the system can be used practically for breast imaging:
(1)
(2)
(3)

(4)
(f)

It should be a self-supporting structure, which is leakproof, durable, and flexible,
permitting contraction and expansion in one dimension by about 10 cm.
The system must contain a paddle section that can stand up to 40 lb. pressure and is used
to compress the breast to a uniform thickness for x-ray mammography. It should consist
of a material that has low x-ray attenuation properties.
It should incorporate a sterile fluid handling subsystem for filling and emptying the tank
with tissue-equivalent fluid and cleaning chemicals (This fluid handling subsystem should
be designed to minimize air bubble formation since air bubbles cause artifacts in x-ray
images).
It should incorporate a drainage subsystem to prevent overflow of liquids, which will
otherwise occur when the tank and the breast are compressed together for x-ray imaging.
Miscellaneous

We had moved into the Cancer Geriatric Center (CGC) at the University of Michigan
Hospital and set up an x-ray lab for mammographic imaging. The x-ray lab is adjacent to the
Breast Imaging Division of the Radiology Department so that we have easy access to the film
processors which are maintained under an MQSA approved quality assurance program. All of
our experimental studies to date (filter design, test of tissue-equivalent materials, and phantom
image comparisons) have been performed using one of the three state-of-the-art GE DMR
mammography systems in the clinical area. Since these units are used routinely in the clinic, they
may not be modified to incorporate significant changes for implementing our x-ray exposure
equalization methods. Furthermore, the GE DMR systems are upright and therefore can not be
utilized to implement our new technique. To develop that technique, we will purchase a used
Fischer prone mammography system and install it in our lab as soon as our request for change of
equipment purchase is approved.
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Fig. 3. An example of the simulation study, (a) an unfiltered mammogram, (b) the distribution of
exposure reduction factor (illustrated as an image) due to insertion of the external beam filter, (c)
the filtered mammogram.
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Fig. 4. A second example of the simulation study, (a) an unfiltered mammogram, (b) the distribution of
exposure reduction factor (illustrated as an image) due to insertion of the external beam filter, (c)
the filtered mammogram.
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Fig. 5. Schematic of a mammographic imaging system modeled by Monte Carlo simulation.
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Fig. 6. Distribution of scatter fraction along a radius of the CIRS breast phantom: 3.7 cm 50%
glandular/50% fat and 0.8 cm fat. (a) no grid, (b) with a 5:1 ratio, 31 lines/cm grid.
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Fig. 8. Illustration of the normals to the average breast border (filter border) to be used for determination
of the average exposure profiles at the breast periphery in the breast shape group. The normals
were superimposed on one of the breast images in the group which was histogram equalized to
better visualize the border location.

Solid filter

K

Air

(a)

(b)

Fig. 9. Two approaches for constructing an x-ray equalization filter, (a) solid filter, and (b) liquid filter.
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Fig. 10. Comparison of (a) unequalized image and (b) equalized image of a CIRS phantom (4.5 cm
thick 50% glandular/50% fat) exposed with a Mo/Mo 26 kVp beam. The filter was made of a
breast shaped negative filter mold in a container, and the container was filled with saline. The
border of the filter mold was aligned with the border of the phantom. The visibility of the
phantom border was improved after equalization.
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Fig. 11. Comparison of (a) unequalized image and (b) equalized image of a CIRS phantom (4.5 cm
thick 50% glandular/50% fat) exposed with a Mo/Mo 26 kVp beam. The phantom was
immersed in a tissue-equivalent solution of alcohol and water in a container. The liquid was
filled to the same thickness as the phantom.
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?*fH'.iJtljJ

Fig. 12. Comparison of (a) unequalized image and (b) equalized image of a CIRS phantom (4.5 cm
thick 50% glandular/50% fat) exposed with a Mo/Mo 26 kVp beam. The phantom was
immersed in a 50% fatty liquid in a container. The liquid was filled to the same thickness as
the phantom.
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Comparison of the optical density profiles of the unequalized and the equalized phantom
images shown in Fig. 11. The optical densities were measured along three radii at the periphery of the
phantom. The optical density profiles of the equalized image are much more uniform than those of the
unequalized image. The low peak at about 0 cm corresponds with the fatty skin layer located at the
periphery of the phantom.
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(7)

Conclusion

We have performed the following studies in the third year of the funding period: (1) completed
the study of breast shape classification, (2) conducted a simulation study to evaluate the effects of x-ray
equalization, (3) completed the Monte Carlo modeling of a mammographic imaging system with a
focused antiscatter grid, (4) constructed prototype filters and evaluated filter alignment by imaging
breast phantoms, (5) conceived an improved method for implementation of the x-ray equalization
technique for mammography, (6) conducted preliminary studies to demonstrate the feasibility of the new
approach, and (7) developed design specifications for the compressible tank component of the patientspecific and tissue-equivalent x-ray equalization system. The development of the new method is a
significant step towards the practical implementation of the x-ray equalization technique.
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