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Abstract

In mammography, X-ray radiation is used in sufficient doses to be captured on
film for cancer diagnosis. A problem lies in the inherent nature of X-rays to cause
cancer. The resolution of the images obtained on film is directly related to the radiation
dosage. Thus, atrade off between image quality and radiation exposure is necessary to
ensure proper diagnosis without causing cancer. A possible solution is to decrease the
dosage of radiation and improve the image quality of mammograms using post-
processing methods applied to digitized film images. Image processing techniques that
may improve the resolution of images captured at lower doses include crispening,
denoising, histogram equalization, and pattern recognition methods. The Wright
Patterson Air Force Base Hospital Radiology Department sponsored this research and
provided digitized images of the American College of Radiology (ACR) phantom, which
isamodel for mammogram image quality and classification. Side by side comparisons
were performed of high dose images and low-dose images post- processed using the
methods mentioned. The result was improved-resolution mammography images for
lower radiation doses. Thus, this research represents progress towards solving a problem
that currently plagues mammography: exposure of patients to high doses of cancer-
causing radiation to obtain quality mammography images. By improving the image
quality of mammography images at lower radiation doses, the problem of cancer induced

by high radiation exposure is aleviated.
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1. Introduction

The National Cancer Institute recommends that women from the ages 40 to 69
undergo breast cancer screening yearly (18:1). Screening mammography uses X-rays to
detect abnormalities in women who have no palpable signs of breast cancer. In addition,
women with unusual breast conditions such as lumps, pain, thickening, nipple discharge,
or variations in breast size or shape can undergo diagnostic mammography. Diagnostic
mammography can also be applied to evaluate any changes detected in a screening
mammography. Screening and diagnostic mammography in conjunction with clinical
breast exams (conducted by professional health care providers) stand as the best methods
of detecting breast cancer as early as possible. However, with the benefits come possible
Sde effects.

In mammography, X-ray radiation is used in sufficient doses to be captured on
film for cancer diagnosis. A problem lies in the inherent nature of X-rays to cause cancer
and in the fact that the resolution of the images obtained on film is directly related to the
radiation dosage. Thus, atrade off between image quality and radiation exposure is
necessary to ensure proper diagnosis without causing cancer.

A possible solution is to decrease the dosage of radiation and improve the image
quality of the mammography using post-processing methods applied to digitized film

images. Image processing techniques that may improve the image resolution captured at



lower doses include edge detection, denoising, histogram equalization, and pattern
recognition methods. The Wright Patterson Air Force Base Hospital Radiology
Department sponsored this research. This department provided digitized mammograms
of the ACR phantom, which is a model for image quality and classification of
mammograms. |n addition, the department provided supervised access to the
mammography machines and associated resources such as technical literature and user
manuals.

This research addresses a problem that currently plagues mammography:
exposure of patients to high doses of cancer causing radiation to obtain quality
mammography images. By improving the image quality of the mammography images at
lower doses of radiation, the problem of cancer induced by high radiation exposure is
alleviated. This could lead to changes in the way that mammaography is administered,
resulting in a safer diagnostic procedure and a lower percentage of patients developing

breast cancer.

2. Background

2.1 Review of relevant mammaography technology

Mammography focuses X-rays on breast tissue, and the X-rays attenuate as they
pass through varying densities. The resulting attenuated X-rays expose film, leading to
the mammography image. The abnormal cancerous tissue attenuates the X-rays
substantially more than the fatty storage and fascia that surrounds active breast tissue

(2:2). Early comparisons of mammography images of cancer tissue with gross (visible to
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the naked eye) and microscopic anatomy led to the observation of small black spots.
The discovery of those spots represents the first demonstration of microcalcification
detection (11:9). Microcalcifications are minute regions of hardened tissue resulting
from the impregnation of calcium deposits (21).

As research progressed in mammaography, the medical community recognized a
radiographic differentiation of benign, or non-cancerous, and malignant, or cancerous,
breast lesions. Spiculated, or needle-like, lesions proved to be a sign of malignancy,
whereas well-circumscribed lesions indicated benign cases (11:39). With advancesin
technology and more mammography data, breast radiography evolved from an art into a
science that distinguished between normal breast tissue, microcal cifications, and
spiculated lesions (11:9).

As mammography gained in popularity, a need for standardization surfaced. The
American College of Radiology (ACR) initiated the Mammography Accreditation
Program to fulfill this requirement. The program has the following goals. 1) To establish
quality standards for mammography, 2) to provide a mechanism for mammography sites
to compare voluntarily their own performance with national standards, 3) to encourage
quality assurance practices in mammography, and 4) to ensure reproducible high quality
images at low radiation doses to the patient (11:138). The research reported here is
largely concerned with the first and last goal's because the goal is to reduce the dosage of
X-rays while maintaining high image quality and to compare the reduced image results
using a standardized metric.

The ACR phantom image eva uation of the entire mammographic imaging chain

represents one quality control measure required for accreditation. The mammographic
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imaging chain includes: X-ray equipment, techniques factors, image receptors, and
processing. The evaluationinvolves the analysis of atest phantom that consists of

objects that simulate masses and microcalcifications. Figure 1 shows an ACR phantom.

Figure 1 American College of Radiology (ACR) phantom, atest object that simulates
masses and microcalcifications. The ACR phantom is used as a standard measure of the
image chain performance of mammaography systems (10:166).

In order to test the imaging chain, atrained medical physicist evaluates the
mammography image of the ACR phantom using a standardized scoring methodology.
For accreditation, the criteria are as follows: the three largest microcalcification groups
with speck diameters of 0.54 mm and the three largest masses with thickness of 2.0 mm
must be demonstrated (11:139). Typically, the ssimulated microcalcifications are grouped
as the vertices of a pentagon, to allow for precise mensuration, while dime-sized disks
serve as the smulations for the masses. The application of the ACR phantom is not
limited to accreditation purposes but can also be used as a metric in experimental
research to improve the imaging chain, precluding the need for human test cases.

Research in improving the imaging chain focuses on current priorities for

improved breast cancer imaging. The prioritiesinclude: 1) contrast enhancement, 2)



scatter control, 3) and noise reduction (11:101). Contrast is the most important feature in
mammography in detecting subtle abnormalities. Regardless of signal to noise ratios,
some objects below a certain cortrast threshold are not detectable. Two factors
contribute to the contrast in mammographic images. subject contrast and recording
system contrast. Subject contrast is affected by X-ray dosage and the scattering
properties of the breast. Lower doses of X-rays lead to lower contrast images. Recording
system contrast is dependant on the characteristics of the mammographic film and the

process by which the film is developed (11).

2.2 Review of relevant image point processing techniques

In order to aleviate the contrast problem, histogram modification and edge
enhancement techniques can be employed. The histogram of an image is a representation
of “the relative frequency of occurrence of the various gray levelsin the image” (12:241).
Thus, low contrast images possess narrow histograms while high contrast images have
more uniform histograms. Since increasing contrast is a goal, a method to stretch the
histograms of low contrast mammography images is desired. For this purpose,
“Histogram modification techniques are attractive due to their simplicity and speed, and
have achieved acceptable results for some applications’ (1:163).

Under the genre of image enhancement, point processing techniques such as
contrast modification and histogram equalization are employed to enhance image detail.
The empirical histogram P of an image a[ m,n] quantized to reconstruction levels
{ri,ra,..r.} is

N(r)

R =—4
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where N(r;) is the total number of pixels in the image which take on value r; and M is the
total number of pixelsin theimage. The histogram represents an approximation of the
probability density function (PDF) of gray levelsin animage. Low contrast images
result in histograms that are “peaky”, whereas high contrast images have histograms that
are spread out. In the application of contrast modification, a nontlinear function is
applied to each pixel in order to vary the output contrast and histogram (See Figure 2).
Typicaly, the objective is to mimic a high contrast image by spreading a “peaky”
histogram by multiplying the pixels corresponding to the “peaky” portion of the
histogram by a high dlope. If the dope is stegp, the output histogram will be stretched

more than if the dope is less steep.

Vn

|
|
|
|
|
|
1
£ L

Figure 2 Non-linear function to perform contrast stretching. Here u represents the given
pixel gray level and v is the mapped output pixel gray level. The variablesa, b,andg
represent the slopes of the transformation function respectively, L represents the
maximum given pixel gray level, and a and b represent the variable parameters for the
start and finish of the region of stretching (11:235).

By multiplying each pixel by this nortlinear function, the histogram becomes stretched

(See Figure 3).

14



Driginal hstogram Ennancesrnent bistograrm

Figure 3 Origina histogram is from the original image and enhancement histogram is
from the image after contrast stretching. Contrast stretching spreads a “peaky” histogram
by multiplying the pixels corresponding to the “peaky” portion of the histogram by the
high slope portion of the nonlinear function (11:236).

The enhanced images have high contrast, giving the appearance that areas that are

expected to be dark are darker, and areas that are light are lighter (See Figure 4).

Figinals

Figure4 Origina and enhanced image with contrast stretching (11:236).

In histogram equalization, the goal is to obtain a uniform histogram for the output image.
Histogram equalization uses an automated contrast modification scheme. Given Pi(r),

obtaining S= T(r) such that Ps(s) is uniform, requires:
k

Sc=T(r)=a R (n)

i=0
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This function automatically maps out a new histogram for the image to be enhanced. The
enhanced image now has a high contrast histogram. As aresult, details lost in dark

regions are brought out (See Figure 5).

Figure 5 At the top left-hand corner is the original image with its corresponding
histogram to itsright. The bottom left- hand image is the enhanced image with histogram
equalization and its corresponding histogram. Histogram equalization performs contrast
stretching in an automated fashion (11:243).

In terms of improving contrast, histogram equalization serves as an effective technique
because of its automated capacity to make the histogram of the output image more

uniform, making this method simple and fast while improving image contrast.

2.3 Review of relevant image edge enhancement techniques
Radiation scatter remains a problem in mammography, however, the contribution
of scatter is more evident when X-ray dosage is decreased. Scatter is signal dependant

noise that creates images with nonuniform illumination, when contrast decreases from the
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epicenter of the X-ray focus. In addition, blurring of the mammography image occurs
due to scattering (11:73). Current research focuses on edge sharpening methods to
reduce the deleterious effects of scattering. Unsharp masking stands as a powerful
enhancement algorithm to counter scattering. The low pass filtered, unsharp version of
an image is subtracted from the origina image in unsharp masking, which “sharpens
edges by subtracting a portion of the Laplacian filtered component from an origina
image” (1:164). Also, unsharp masking “is equivalent to adding the gradient, or a high
pass signal, to the image” (12:249). Thislinear operation is represented by the following,
v(m,n) =u(m,n) +1g(m,n)
where v(m,n) is the enhanced image, u(m,n) is the original image, the gain coefficient | >
0, and g(m,n) is a suitably defined gradient at (m,n) (12:249). A desirable function isthe

discrete Laplacian operator (See Figure 6).

Figure 6 The figure to the left is an image of the surface of the moon. Using unsharp
masking with a discrete Laplacian operator, the original image is enhanced to yield the
image to the right. Unsharp masking sharpens edges by subtracting a portion of the
Laplacian filtered component from an original image (11:251).

17



Unsharp masking is an effective method for enhancing the image quality of
mammography images.

However, this technique is limited by its linear and single scale properties and is
“less effective for images containing a wide range of salient features typically found in
digital mammography.” The application of the redundant discrete wavelet transform
(RDWT) (See Figure 7) has been recommended because of its connection to traditional

techniques of unsharp masking (1:164). In Figure 7, the two levelsto thetop § (wy) and
g (wy) represent the forward filters for the high resolution channel of this stage and

k (W)l (W) and | (w)k (w) arethe inversefilters. In the bottom level, h(wy)h (wy)
represents the forward filter for the low resolution channel for this stage. The § (2wy)
and § (2wy) represent the forward filters for the high resolution level of the next stage
down with its inverse filters to the right of them. In the bottom level of the next stage

down, ﬁ(ZWX)ﬁ (2wy) represents the forward filters for the low resolution with its

inverse filter to the right of it. The high resolution channels can be enhanced while

discarding the low resolution channels.

ﬁ{ 9ws) F(wa)T(wy)

g g(wy) /l\(wr)lk?(wy) >

4{7{(&% Yh(wy) 9(2wy) —’—{T(Zu, Yk (2w,) FHA(ws ),h\(w_.,)}_
/};(QWJ: )’};(2“";}_{/};(&411 )ﬁ(2wy)

Figure 7 Two-dimensional Redundant Wavelet Transform (RDWT) with two levels
shown. The RDWT is used to discard several channels of lower resolution, while
enhancing channels confined to higher frequencies (1:182).
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By considering two special cases of linear enhancement, it can be shown that a RDWT
framework for enhancement includes unsharp making with a Gaussian low-pass filter
(2:171). For the first case, transform coefficients of channelsO £ m £ N — 1 are enhanced
by the same gain Go > 1. Theinput and output relationship of an unsharp masking
sysem is

s (1) =s(1) + (G, - DIs(l) - (s* ¢y )(DI,
where cy is approximately a Gaussian low-pass filter (Wavelets:172). The second case
maintains transform coefficients of a single channel p, where O £ p £ N are enhanced by a
gain Gp > 1. Theinput and output relationship of an unsharp masking systemis

s.(1)=s(I) - (G, - )>D(s*h)(I),

where h(l) represents the impulse response of an approximate Gaussian filter. The
RDWT isflexible and versatile to alow for the inclusion for these two types of unsharp
masking systems. Although highly effective in sharpening images, the RDWT with
combined enhancement and denoising introduces artifacts that may become false
positives in mammography images (or when mammograms are read as abnormal) when

no cancer is actualy present.

2.4 Review of relevant image noise reduction techniques
Noise in the form of random density fluctuations due to quantum noise is more
apparent when X-ray dosage decreases. An additive noise model is
g(ny,n,) = f(n,ny) +v(ny,ny),
where v(n1,ny) is the signal-independent additive random noise, f(ny,n,) isthe signa of

interest, and g(n1,ny) is the signal with additive random noise. Examples of “additive
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random noise degradation include electronic circuit noise, and in some cases amplitude
quantization noise” (13:527). Sources of additive random noise in mammography images
include the random absorption of X-ray quanta by the image receptor (11:65). Also,
“Quantum noise can be characterized in terms of the standard deviation about the mean
number of detected quanta, and this value is proportional to the square root of the mean

number of quanta’ (11:65). Thus quantum noise standard deviation is given by,

s =/N(E(E)g(E),
where g denotes the amount of light reaching the film per interacting X-ray quantum in
the screen and h(E) is mean quantum efficiency (11:65). Another source of noiseis
radiation scatter, which is signal dependant. The radiation scatter noise can be modeled
as blur due to its blurring effects in mammography images. Factors that influence this
type of noise are the amount of scatter produced, its transport through the breast, the
efficiency of the grid performance, and h of the screen for scatter absorption; these
factors are dependant on the dosage of X-rays (11:66). The reduction of the X-ray
dosage increases the contribution of scatter and, in turn, the noise.

Wiener filtering is one method for reducing additive random noise in images and
may restore image in the presence of blur (13:527). Jain states that, “Wiener filtering isa
method of restoring images in the presence of blur as well as noise” (12:276). The
deblurring and denoising characteristics make Wiener filtering advantageous for the
research reported here. One form of the Wiener filter is

P (wy,w,)

Hw,,w,)= )
W) P, (W,,w,) + P, (w;,w,)

20



where it is assumed that f(n1,nz) and v(ny,n,) are samples of zero- mean stationary random
processes which are linearly independent of each other and that their power spectra
Pr(w1, W) and Py(w1, W) are known (13:527). However, the research at hand deals with
both signal dependant and signal independent noise.  The signal dependant scatter noise
can be modeled as blur in the mammography image. A Wiener filter with deblurring
characteristics can be designed to reduce the effects of scatter when modeled as blur
instead of signal dependant noise. Wiener filtering achieves a compromise between a

low-pass noise smoothing filter and a high-pass inverse filter as shown in Figure 8.

Inverse
filter

Wiener
filter

Smoothing
filter

Figure 8 Wiener filter characteristics. The Wiener filter achieves a compromise between
a low-pass noise smoothing filter and a high-pass inverse filter (11:280).

The low-pass smoothing filter and high-pass inverse filter characteristics of the Wiener
filter form a band-pass filter. The frequency response of a Wiener filter shown in figure
8 illustrates that the Wiener filter is useful when blur and noise are present in an image.
The characteristics of mammography images vary from one areato another. Asaresult,
an adaptive filter that changes with the varying characteristics of the image and noise is
desired. Pixel-by-pixel processing entails processing methods that take into
consideration the local characteristics of the region centered around the pixel (13:534).

Figure 9 provides an example of a adaptive Wiener filter processed image.
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Figure 9 The image to the left represents the original image degraded by Gaussian noise,
and the image on the right represents the adaptive Wiener filtered version of the image on
theright. Wiener filtering achieves a compromise between a low-pass noise smoothing
filter and a high-pass inverse filter (12:540).

As mentioned above, the RDWT is inherently set up for unsharp masking and
denoising capabilities. The magnitude of the gradient coefficients are denoised first,
followed by the enhancement of the sum of Laplacian coefficients. This method reduces
the number of artifacts introduced by the RDWT method of image improvement. The
RDWT is considered shift-invariant. Asaresult, artifacts such as those due to Gibbs
phenomena are averaged out when using the RDWT. This averaging characteristic is
known as cycle spinning. The RDWT method creates redundant sets of data functions to
reconstruct an image. By taking into consideration al of the redundant data sets by
applying denoising followed by inverse transforming and adding the results together, the
RDWT performs cycle spinning (22:1). Consequently, the image is denoised with less
artifacts apparent due to discontinuities. An example of the RDWT used for denoising

and enhancement is shown in Figure 10.



Figure 10 The image to the l€eft is the original mammography image, and the image to
the right is the denoised, enhanced image from the RDWT (1:185).

To aid inthe Radiologist’s goa of recognizing detail in mammography images,
edge detection methods are employed, where an edge in an image is, “a boundary or
contour at which a significant change occurs in some physical aspect of an image, such as
the surface reflectance, illumination, or the distance of the visible surfaces from the
viewer” (13:476). The research reported here is concerned with changes in the image

intensity. Figure 11 diagrams an edge detection technique.

Vilx, y)

[V fix, y) | Yes
f(X, y)__»_ v [_] Ml | - > Threshold Edge Edge

at {xy, ¥o)? thinning map

lNo

{xq. Yo) is not
an edge point

Figure 11 Gradient operator edge detection system. The gradient operator measures the
gradient of the image to determine where edges occur (12:480).



The gradient of the image is taken and compared to a threshold to determine whether an
edge is present or not. The edge thinning preserves the edge information and contributes
to the edge map information. There are severa types of gradient methods that can be
used in edge detection. The Canny and Prewitt methods represent two types of gradient
methods in edge detection. The Prewitt method uses the Prewitt approximation to the
derivative to find edges where the gradient of the image is maximum. The Canny method
finds edges at local maxima of the gradient of theimage. By taking the derivative of the
Gaussian filter, the gradient of the image is found. The Canny method differs from the
Prewitt method in that the Canny method detects both weak edges and strong edges using
two thresholds, whereas the Prewitt method only uses one threshold. The Canny edge
detector accepts the weak edges if they are connected to the strong edges. As aresult, the

Canny method is more likely to detect true edges rather than noise.

2.5 Current research in mammography enhancement

Current research in medical image enhancement applies numerous image
processing techniques that concentrate on mammography images captured at standard
150 mRad doses of X-rays. Pixel operations such as compensation for nonlinear
characteristics of display or print media, intensity scaling, and histogram equalization are
fundamental enhancement techniques used in mammography. The mammography
images displayed on the Cathode Ray Tube (CRT) or on printed media have a nonlinear
intensity profile when observed due to the nonlinear intensity characteristics of the
display or printing mechanisms. A transform of the inverse of the display or printing

mechanism’s nonlinearity is applied to correct for the nonlinear attributes of the image

24



display. In order to characterize the display or printing mechanism’s nonlinear intensity,
atest image can be used to model the complete intensity scale of the image chain (2:5).
This method is a problem that affects all medical imaging. A correction of nonlinear
characteristics that stems from the mechanisms to procure the mammaography images
would be advantageous for the research at hand.

When the dynamic range of the mammography image data greatly exceeds the
characteristics of the display system, intensity scaling can be applied to alow the
observer to focus on specific intensity bands in the image. This is done by modifying the
image so that the intensity bands of interest span the entire dynamic range of the display
(2:5). This method would be practical if apriori information on the bands of interest is
present. Since a priori information on the bands of interest of the mammography images
captured at lower doses is not available, this method would not be applicable to the
research at hand.

Histogram equalization is another fundamental pixel operation used in
mammography to enhance images and does not require a priori information. This
technique is used to make the histogram of an image more uniform over the available
intensity band. This method is successful in increasing contrast in mammography images
captured at 150 mRads, and would also be useful for the research at hand.

Local operator techniques such as noise suppression by median filtering is applied
to enhance mammography images. In median filtering, a window is centered on each
pixel (m,n) of the original image, and the median value within the window is obtained.
The median value is then outputted as the value for the pixel with coordinates (m,n) that

the window was centered on. This method is used to eradicate noise impulses with high
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pixel values (2:7). For the research at hand, the median filter would not be beneficia
since the microcalcifications that are of interest may have similar characteristics as
impulsive noise. Microcalcifications are small and have high intensity values compared
to their surroundings.

Adaptive image filtering techniques such as Wiener filtering and unsharp masking
are applied to mammography images for enhancement in current research. The adaptive
Wiener filter is used in current research since standard Wiener filters have limited
success in image enhancement due to its low-pass filter characteristic. The adaptive
Wiener filtering and unsharp masking has some success in enhancing mammaography
images at 150 mRads and would be useful in enhancing mammography images captured
at lower doses.

Enhancement of mammography images is achieved by multiscale nonlinear
operators in current research. The implementation of combined denoising and
enhancement using the RDWT framework is the focus of current research. This method
has promising success in improving local contrast for features in mammography images
captured at 150 mRads. Using the RDWT with combined denoising and enhancement
would also aid in enhancing the mammography images captured at lower doses.
However, the artifacts that may arise due to the use of the RDWT makes it
disadvantageous for the research at hand. Any artifacts can be misconstrued as objects of

interest such as microcalcifications, fibers, or disks.
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3. Methodology

3.1 Procedurefor obtaining images
This research used the following methodology: 1) obtain mammography images
of ACR phantoms at varying X-ray doses, 2) process the images using various image
processing techniques, and 3) compare the results from the image processing techniques
with the original images quantitatively and qualitatively. An experimental setup of the
imaging system was required in order to procure images in a digital format compatible
with the MATLAB processing environment. The following describes the procedure used
to obtain the digitized images:
1) Theimaging plate (IP) is placed inside a cassette and exposed using standard X-
ray equipment.
2) The X-raysthat pass through the ACR phantom and react with the IP, forming a
latent image.
3) Thelatent image is read via laser scanning, which stimulates the IP so that it
emits stored energy in the form of ultraviolet light.
4) Thisemission, known as Photostimulable Luminescence (PSL), is detected using
a photomultiplier, and the light emission is converted to electrical signals.
5) These signals are reconstructed as a visua image on the computer screen and
saved on a disk.
The procedure was used to obtain four images at varying doses: 1) 75 mRad, 2) 100
mRad, 3) 125 mRad, and 4) 150 mRad, designated Low dose, L ow medium dose,

Medium-high dose, and High dose, respectively. JPEG compression was used to save the
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images. This form of compression in not ideal for the research at hand, however, it
allows for a media that is compatible with the MATLAB 6.0 workspace environment.
The JPEG compression degraded the raw images, as apparent by the absence of the three
sets of six specks. For purposes of cancer detection, the images captured at |lower doses
should be as unaltered as possible before they are processed in order to avoid the

aforementioned loss due to compression. The four images are portrayed in figures 12-15.

crga-A WRIGHT-PATT MED CEN
Ex: 01059437

Se: 2306/
Im: 08584/4

LINEARITY

Mag: 1.0x

Figure 12 Low dose mammography image of the American College of Radiology (ACR)
phantom captured 75 mRad. Evidence of low contrast, scattering, and noise degradation
IS apparent.
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crga-A WRIGHT-PATT MED CEN
Ex: 01059437 CHEST TEST
F 20/000-01-2345
Se: 23061 Acc: 011010-01992
Im: 08585/4 2001 Oct 10
12:43.00.000
LINEARITY

Mag: 1.0x

Figure 13 Low- medium dose mammography image of the American College of

Radiology (ACR) phantom captured at 100 mRad. Evidence of low contrast, scattering,
and noise degradation is still apparent.
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crga-A WRIGHT-PATT MED CEN
Ex: 01059437 CHEST TEST
F 20/000-01-2345
Se: 23061 Acc: 011010-01892
Im: 08586/4 2001 Oct 10
12:43.00.000
LINEARITY

Mag: 1.0x

W:1024 L:511

Figure 14 Medium- high dose mammography image of the American College of
Radiology (ACR) phantom captured at 125 mRad. Evidence of low contrast, scattering,
and noise degradation continues to be apparent.
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Im: 08587/4 2001 Qct 10
12:43:00.000
LINEARITY

Mag: 1.0x

Figure 15 High dose mammography image of the American College of Radiology (ACR)
phantom captured at 150 mRad.
The aforementioned procedure for obtaining images yielded images that were not useable
due to the severe degradation in details. Asaresult, the following describes a more
reliable procedure used to obtain the digitized images:
1) UseaHowtek MultiRAD 850 digitizer furnished by Qualia Computing, Inc., to
scan the mammography images

2) Save the scanned images uncompressed
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The procedure was used to obtain six images at varying doses. 1) 50 mRad, 2) 100
mRad, 3) 110 mRad, 4) 120 mRad, 5) 130 mRad, and 6) 150 mRad designated Very-low
dose, Low dose, Low- medium dose, Medium-high dose, High dose, and Very- high dose

respectively. The six images are shown in figures 16-27.
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Figure 16 Very-low dose mammography image of the American College of Radiology
(ACR) phantom captured 50 mRad. Evidence of low contrast, scattering, and noise
degradation is apparent.
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Figure 17 Zoomed in image of the complement of the Very-low dose (50 mRad) image
with one set of specks and disk shown.
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Figure 18 Low dose mammography image of the American College of Radiology (ACR)
phantom captured 100 mRad. Evidence of low contrast, scattering, and noise degradation
IS apparent.

Figure 19 Zoomed in image of the Low dose (100 mRad) image with one set of specks
and disk shown.
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Figure 20 Low- medium dose mammography image of the American College of
Radiology (ACR) phantom captured 110 mRad. Evidence of low contrast, scattering,
and noise degradation is apparent

Figure 21 Zoomed in image of the Low medium dose (110 mRad) image with one set of
specks and disk shown.
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Figure 22 Medium- high dose mammography image of the American College of
Radiology (ACR) phantom captured 120 mRad. Evidence of low contrast, scattering,
and noise degradation is apparent.

Figure 23 Zoomed in image of the Medium-high dose (120 mRad) image with one set of
specks and disk shown.
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Figure 24 High dose mammography image of the American College of Radiology (ACR)
phantom captured 130 mRad. Evidence of low contrast, scattering, and noise degradation
IS apparent.

Figure 25 Zoomed in image of the High dose (130 mRad) image with one set of specks
and disk shown.
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Figure 26 V ery-high dose mammography image of the American College of Radiology
(ACR) phantom captured 150 mRad. Evidence of low contrast, scattering, and noise
degradation is apparent. This image represents the current standard for image quality and
meets the radiologist requirement for mammography diagnosis.

Figure 27 Zoomed in image of the Very-high dose (150 mRad) image with one set of
specks and disk shown.
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3.2 Procedurefor processing the very-low doseimage
The six images were imported into the MATLAB workspace and the following
processing on the images was performed: 1) nonuniform illumination correction, 2)
histogram equalization, 3) Wiener filtering, 4) RDWT denoising, and 5) edge detection.
One priority is to reduce the effects of X-ray scatter. X-ray scatter creates an

uneven illumination in the mammography image, meaning that the image at the epicenter
of the X-ray beam is brighter than the image towards the perimeter. In order to address
this problem, an uneven illumination background correction was employed based on the
unsharp masking principle of subtracting alower resolution image from the original
image to obtain only the higher resolution portion. The following procedure was
executed:

1) The 5400 x 4262 pixel image is partitioned into 200 x 200 blocks.

2) The minimum of each block is determined to create a coarse estimate of the

background.

3) The coarse estimate is subtracted from the histogram equalized image
The image was partitioned into 200 x 200 blocks after experimentation with various
partition sizes. When smaller partition sizes were used, objects of interest were lost. As
aresult, the block sizes were chosen to be greater than the largest object of interest which
was the disk in the ACR phantom. Partition sizes greater than the 200 x 200 blocks did
not reduce the nonuniform background as well. This method is advantageous when a
priori information of the image is present. In this case, the size of the disk and
microcal cifications were known, making the choice of the 200 x 200 partition size

practical. In mammography images with actual breast specimens, the nonuniform



correction would be replaced with a more traditional unsharp masking method that would
subtract a low-pass filtered image from the original image. Figure 28 shows the coarse
estimate of the uneven illumination background of the low dose image followed by

Figure 29, which shows the spatial representation of the coarse estimate.

Figure 28 Coarse estimate of the very-low dose (50 mRad) image found by creating a
background consisting of 200 x 200 blocks with vertices corresponding to the minima of
the 200 x 200 blocks of the original image
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Figure 29 Spatial representation of the coarse estimate of the very-low dose (50 mRad)
image background
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The coarse estimate of the low dose mammography image background is then subtracted

from the histogram equalized image to obtain the image of Figure 30.
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Figure 30 Uneven illumination corrected very-low dose (50 mRad) image.

Another priority isto improve the contrast of the images. Figure 31 shows the

histogram of the raw very-low dose image.

Figure 31 Histogram of very-low dose (50 mRad) image.



This histogram shows that the pixels of the very-low dose image are predominantly dark
since most of the pixels have lower grayscale values (The grayscale spectrum ranges
from O for black to 255 for white). The histogram of the very-low dose image aso shows
that the image has low contrast, since the histogram is *peaky” and not spread out
uniformly asin the case of high contrast images. Figure 32 shows the uneven

illumination corrected, histogram equalized very-low dose image.
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Figure 32 Uneven illumination corrected, histogram equalized very-low dose (50 mRad)
image.

Histogram equalization was performed using the MATLAB function HISTEQ. The ACR
phantom is more distinguishable after histogram equalization. To explain this

phenomenon, a histogram of the histogram equalized image is shown Figure 33.
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Figure 33 Histogram of uneven illumination corrected, histogram equalized very-low
dose (50 mRad) image.

The histogram of the uneven illumination corrected, histogram equalized very-low dose
image is more uniform then the histogram of the very-low dose image. By multiplying
the pixels corresponding to the “peaky” portion of the histogram of the low dose image
by a high dope, an image with improved contrast is obtained. Thisaidsin avery
important priority for improving mammography, contrast enhancement.

The third priority in improving breast imaging is noise reduction. In order to
reduce Gaussian noise, the Wiener filter was applied. Using the MATLAB function
WIENERZ, 2-D adaptive noise removal filtering on the uneven illumination corrected,
histogram equalized low dose image was performed. The signal dependant scatter effects
were treated as a blurring effect. Asaresult, the adaptive Wiener filter with deblurring
was chosen to counter the effects of the blurring resulting from scatter noise. The other
denoising filter investigated was the median filter. The median filter was not practical for
the research at hand due to its eradication of minute objects such as microcalfications.
The median filter also does not counter blur caused by the scatter noise. Based on

statistics from the local area of each pixel, the adaptive Wiener filter denoised the image
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to yield the uneven illumination corrected, histogram equalized, Wiener denoised very-

low dose image shown in figure 34.
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Figure 34 Uneven illumination corrected, histogram equalized, Wiener denoised very-
low dose (50 mRad) image. The uneven illumination correction subtracts a coarse
estimate of the nor+uniform background, giving the low dose image a more uniform
background. The histogram equalization makes the histogram of the low dose image
more uniform, which equates to higher contrast. The Wiener filter provides an adaptive
denoising method to reduce the Gaussian noise present at low doses.

The Wiener filtered image eradicated the noise in the image, however, the background is
blotchy. Artifacts at the edges of the disk and specks is apparent due to the adaptive filter
taking into account the high contrast change between the background and the disk and
specks.

As a substitute to the Wiener denoising, the RDWT denoising was employed.

The combined effects of denoising and enhancement that the RDWT denoising system



provides made it advantageous to the research at hand. Figure 35 shows the uneven

illumination corrected, histogram equalized, RDWT denoised very-low image.
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Figure 35 uneven illumination corrected, histogram equalized, RDWT denoised very-low
dose (50 mRad) image.

The RDWT denoised image has a smooth background and very little artifacts at the edges
of the disk and specks. An appearance of bleeding is apparent at the edges of the disk
and the specks but is not significant enough to cause misdiagnosis. The RDWT
denoising scheme was chosen over the Wiener filtering since the Wiener filtering caused
more artifacts and the background contrast was not as uniform.

In order to aid in detecting the microcalcifications and masses in the image, edge
detection methods were analyzed. The MATLAB function EDGE was implemented
using two methods: Canny and Prewitt. Figure 36 shows the edge-detected post-

processed low dose mammography image using the Canny method.
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Figure 36 Edge detected post-processed very-low dose (50 mRad) image using the Canny
method.
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Figure 37 Edge detected post-processed very-low dose (50 mRad) image using the
Prewitt method. The Prewitt method utilizes a gradient operator, which measures the
gradient of the image to determine where edges occur.



The Canny method of edge detection has two thresholds, one for weak edges and one for
prominent edges. The weak edges that are connected to the prominent edges are
considered edges in the Canny method. The Prewitt method does not take into
consideration the weak edges. The Prewitt edge detection method brings out just enough
detail to detect the objects of interest. Asaresult, the Prewitt edge detection method is
more beneficial to the research at hand in detecting only the microcalcifications and the

disk.

3.3 Procedurefor processing low, lon-medium, medium-high, and high dose images
The process of uneven illumination correction, histogram equalization, Wiener denoising,
RDWT denoising and edge detection using the Canny and Prewitt methods was repeated
for the low, low-medium, medium-high, and high dose images Figures 38 through 77

represent the results of each phase of the processing for the two images.

3.3.1 Processing of the Low dose image

Figure 38 Coarse estimate of the Low dose (100 mRad) image.
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Figure 39 Spatial representation of the coarse estimate of the Low dose (100 mRad)
image background.
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Figure 40 Uneven illumination corrected Low dose (100 mRad) image.
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Figure 41 Histogram of the Low dose (100 mRad) image.
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Figure 42 Uneven illumination corrected, histogram equalized Low dose (100 mRad)
image.
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Figure 43 Histogram of the uneven illumination corrected, histogram equalized Low
dose (100 mRad) image.
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Figure 44 Uneven illumination corrected, histogram equelized, Wiener denoised Low
dose (100 mRad) image.
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Figure 45 Uneven illumination corrected, histogram equalized, RDWT denoised Low
dose (100 mRad) image.
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Figure 46 Edge detected post-processed Low dose (100 mRad) image using the Canny
method.
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Figure 47 Edge detected post-processed Low dose (100 mRad) image using the Canny
method.

3.3.2 Processing of the L ow-medium dose image

Figure 48 Coarse estimate of the Low medium dose (110 mRad).
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Figure 49 Spatia representation of the coarse estimate of the Low- medium dose (110
mRad) image background.
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Figure 50 Uneven illumination corrected Low medium dose (110 mRad) image.

52



5001

1000

T

A 6 R

T

1500

2000

T

2500

T

T

3000

3500

T

4000

T

T

4500

5000

T

500 1000 1500 2000 2500 3000 3500 4000

Figure 52 Uneven illumination corrected, histogram equalized Low- medium dose (110
mRad) image.



Figure 53 Histogram of uneven illumination corrected, histogram equalized Low-
medium dose (110 mRad) image.
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Figure 54 Uneven illumination corrected, histogram equalized, Wiener denoised L ow-
medium dose (110 mRad) image.
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Figure 55 Uneven illumination corrected, histogram equalized, RDWT denoised L ow-
medium dose (110 mRad) image.
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Figure 56 Edge detected post-processed Lowmedium (110 mRad) image using the
Canny method.
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Figure 57 Edge detected post-processed Lowmedium (110 mRad) image using the
Canny method.

3.3.3 Processing of the Medium-high dose image

Figure 58 Coarse estimate of the Medium- high dose (120 mRad) image.
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Figure 59 Spatia representation of the coarse estimate of the Medium- high dose (120
mRad) image background.
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Figure 60 Uneven illumination corrected Medium- high dose (120 mRad) image.
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Figure 61 Histogram of the Medium-high dose (120 mRad) image.
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Figure 62 Uneven illumination corrected, histogram equalized Medium:- high dose (120
mRad) image.
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Figure 63 Histogram of the uneven illumination corrected, histogram equalized Medium-
high dose (120 mRad) image.
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Figure 64 Uneven illumination corrected, histogram equalized, Wiener denoised
Medium-high dose (120 mRad) image.
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Figure 65 Uneven illumination corrected, histogram equalized, RDWT denoised
Medium-high dose (120 mRad) image.
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Figure 66 Edge detected post-processed Medium- high dose (120 mRad) image using the
Canny method.
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Figure 67 Edge detected post- processed M edium- high dose (120 mRad) image using the
Prewitt method.

3.3.4 Processing of the High dose image

Figure 68 Coarse estimate of the High dose (130 mRad) image.
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Figure 69 Spatia representation of the coarse estimate of the High dose (130 mRad)
image.
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Figure 70 Uneven illumination corrected High dose (130 mRad) image.
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Figure 72 Uneven illumination corrected, histogram equalized High dose (130 mRad)
image.



Figure 73 Histogram of the uneven illumination corrected histogram equalized High
dose (130 mRad) image.
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Figure 74 Uneven illumination corrected, histogram equalized, Wiener denoised High
dose (130 mRad) image.
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Figure 75 Uneven illumination corrected, histogam equalized, RDWT denoised High
dose (130 mRad) image.
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Figure 76 Edge detected post-processed High dose (130 mRad) image using the Canny
method.



100

150

200

C
£

250 - : .
300 z .
350
L

400

[
{
1
|
as0}- [ -
I

500 f~

! ! ! ! ! ! ! !
50 100 150 200 250 300 350 400 450 500

Figure 77 Edge detected post- processed High-dose (130 mRad) image using the Prewitt
method.

3.4 Procedurefor making comparisons

Quantitative comparison focuses on the disk and the specks produced by the ACR
phantom. MATLAB possesses functions that aid in procuring data for analysis.
IMSHOW displays an image asa MATLAB figure. PIXVAL “interactively displays the
data vaues for pixels as you move the cursor over the image” (15:10-4). IMPIXEL
“returns the data values for a selected pixel or set of pixels. You can supply the
coordinates of the pixels as input arguments, or you select the pixels using a mouse’
(15:10-4). HIST takesin data and displays them in the form of a histogram. MEAN
calculates the mean of data and VAR calculates the variance of data.

The following procedure was used to obtain data for comparison for the unprocessed

and processed images, focusing on the disk:

1) Using IMSHOW, the image is displayed as afigure.



2) PIXVAL iscaled toinvoke MATLAB’s real-time display of pixel coordinates
and color data

3) Using IMPIXEL, 30 distinct values within the disk are randomly chosen in a
gpiral fashion by using the mouse cursor in MATLAB, starting from the outside
towards the center.

4) IMPIXEL isused again to randomly choose 30 distinctly separate values just
outside the disk, again in a spiral fashion, starting close to the perimeter of the
disk and going away from the disk.

5) Using MEAN and VAR, the mean and variance of the data inside the disk and just
outside disk are found.

6) HIST is used to display the histogram of the data.

7) Using the mean and variance, the following Fisher ratio (FR) is calculated, where
M1 and [ are the mean of the disk data and mean of the background data,
respectively, and s1 and s, represent the variance of the disk data and the variance
of the background data, respectively:

FR= [T

s +s,’
8) The FR’sof the unprocessed and processed images for the disk are then
compared.
The data for comparison that focuses on the specks is obtained with the following

procedure:

1) Using IMSHOW, the image is displayed as afigure.
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2) PIXVAL iscdled toinvoke MATLAB’s real-time display of pixel coordinates
and color data

3) Using IMPIXEL, 6 distinct values, one within each speck.

4) IMPIXEL isused again to randomly choose 6 distinctly separate values just
outside each speck.

5) Using MEAN and VAR, the mean and variance of the data inside the specks and
just outside specks is found.

6) HIST isused to display the histogram of the data.

7) Using the mean and variance, the Fisher ratio (FR) is calculated.

The FR’s of the unprocessed and processed images for the specks are then compared.

A qualitative comparison was conducted by the WPAFB Radiology Department
nuclear physicist, Lt Col William Ruck. Lt Col Ruck looked for three groups of
microcalcifications, three groups of masses, and four fibers in the images. He was
concerned with the possibility that the image processing may introduce artifacts that
mimic abnormal pathology. Lt Col Ruck was also looking for any suppression of known

features in the post- processed images as compared to the raw high-dose image obtained.

4. Resultsand Analysis

The goal of this research is to improve the quality of mammography images
captured at alower than typical dosage of X-rays using image processing techniques. To
quantify how well the post-processing of the lower dose mammography images worked,

the Fisher ratio was taken between the pixel intensities of the disk and the immediate



background surrounding the disk as well as pixel intensities of the six specks and their
surroundings. The Fisher ratio istheratio of the squared difference of the means over
the sum of the variances, al square rooted. This ratio quantifies the separation between
the disk data and the background data, as well as the separation between the speck data
and the background data. The most important criterion in mammography images is
contrast. Increasing the Fisher ratio between the disk and the background (as well as
between the specks and the background) increases contrast. Figure 78 through 83 show
the Fisher ratio results with various dose images for the disc. The histograms for the
disk data and the background data were estimated using the MATLAB function HIST on
the pixel data obtained using IMPIXEL. The mean and variance were obtained from the

histogram data in order to calculate the Fisher ratio.
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Figure 78 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Very-low dose (50 mRad) image.
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Figure 79 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Low dose (100 mRad)
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Figure 80 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Low medium dose (110 mRad)
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Figure 81 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Medium-high dose (120 mRad)
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Figure 82 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Medium- high dose (130 mRad).
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Figure 83 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the Very-high dose (150 mRad).

The Fisher ratio tends to increase as a function of X-ray dosage. Asthe X-ray dosage
increases, the contrast of the image also increases, leading to higher Fisher ratios. The
Fisher ratio of the high doseimage is 12.2. The goal isto improve the Fisher Ratio of the
lower dose images to meet or exceed the Fisher ratio of the high dose image. The Figures
84 through 88 show the Fisher ratio results for the disk in post-processed images with

various dosages.
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Figure 84 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the post-processed V ery-low dose (50 mRad).
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Figure 85 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the post-processed Low dose (100 mRad).
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Figure 86 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the post-processed L ow- medium dose (110 mRad).
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Figure 87 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the post-processed M ediunt high dose (120 mRad).
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Figure 88 Histogram of 60 pixel values (30 inside and 30 just outside of the disk, chosen
randomly using IMPIXEL) for the post-processed High dose (130 mRad).
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Figure 89 Comparison of Fisher ratios for the contrast of the disk and the background of
the image for various doses of X-rays.
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Figure 90 Comparison of Fisher ratio for the contrast of the disk and the background of
the Post- processed image for various doses of X-rays.

The post-processed images possess Fisher ratios that are higher than the high dose image
in terms of the distinguishing the disk from its background. Error is associated with the
Fisher ratio results due to sampling variation (since only thirty disk and thirty background
samples were employed). Regardless, the Fisher ratio trend for the lower dose images
increases as expected. Quantitatively, the post-processing achieves the goal of
improving the image quality of the lower dose mammography images to exceed the high
dose mammography image quality.

Figures 91 through 96 show the Fisher ratio results for the specks in images with

various dosages.
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Figure 91 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the Very-low dose (50 mRad) image.
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Figure 92 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the Low dose (100 mRad) image.
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Figure 93 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the Low medium dose (110 mRad)
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Figure 94 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the Medium-high dose (120 mRad)
image.
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Figure 95 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the High dose (130 mRad) image.
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Figure 96 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the Very-high dose (150 mRad) image.
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Figures 97 through 101 represent the Fisher ratio results for various post-processed dose

images focusing on the specks.
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Figure 97 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the post-processed Very-low dose
(50mRad) image.
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Figure 98 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the post-processed Low dose (100
mRad) image.
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Figure 99 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside each
of 6 specks, chosen randomly using IMPIXEL) of the post-processed Low- medium dose
(110 mRad) image.

Figure 100 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside
each of 6 specks, chosen randomly using IMPIXEL) of the post-processed medium-high
dose (120 mRad) image.
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Figure 101 Histogram of 12 pixel values (1 inside each of 6 specks and 1 just outside
each of 6 specks, chosen randomly using IMPIXEL) of the post-processed High dose
(130 mRad) image.
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Figure 102 Comparison of Fisher ratio for the contrast of the specks and the background
of the image for various doses of X-rays.
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Figure 103 Comparison of Fisher ratio for the contrast of the specks and the background
of the Post-processed image for various doses of X-rays.

The Fisher ratio for the specks and their background for the post-processed images are
higher than their unprocessed counterparts and higher than that of the high dose image.
This means that the contrast in the image when focusing on the specks improved as a
result of the post-processing. The expected trend of increasing Fisher ratio as dosage
increases for the post-processed images is apparent. Error due to the sampling variation
introduced when randomly choosing the pixel values using IMPIXEL is apparent.
However, the image quality based on the Fisher ratio results exceeds the image quality of
the high dose image. Quantitatively, the results show that the post processed, lower dose
mammaography images exceed the image quality of the high dose image.

The qualitative comparison conducted by the WPAFB Radiology Department

nuclear physicists Lt Col William Ruck shows promising success. Lt Col Ruck stated



that three masses and three groups of microcalcifications of differing diameters must be
apparent to pass current ACR standards. Lt Col Ruck was till able to locate speck
groups and the one mass (disk) group, which he thought was satisfactory for the research
at hand. Lt Col Ruck also noticed some artifacts that are apparent in the post- processed
edge-enhanced images. However, he stated those particular artifacts are not minute
enough in diameter to be misconstrued as microcalcifications. Thus the expectation in
improved-resolution post-processed mammography images for lower radiation doses was

met.

5. Discussion

The results presented indicate that post processing to improve the image quality of
low dose mammaography images may aid in reducing X-ray exposure to patients.
Quantitatively, the post processing improves the very-low, low , low- medium, medium-
high, and high dose mammography images of the ACR phantom using uneven
illumination correction, histogram equalization, denoising and edge detection.

Correction of uneven illumination is required due to the scattering effects of low
dose X-rays. Thelow dose image possesses the highest degree of scattering among the
images. The uneven illumination correction subtracts a coarse estimate of the very-low
dose image to yield a sharpened image. The effect of scattering in the low dose image is
significantly reduced after this processing. This effect is also reduced in the case of the
low, low medium, medium-high and high dose images. Although all scattering effects

are not eradicated, the uneven illumination correction makes the lower dose images have



a background with an appearance that mimics the very- high dose image without
introducing artifacts that interfere with the objects of interest, the disk and specks.

Histogram equalization dramatically enhanced the contrast in each of the lower
doseimages. The disk and specks in the very-low dose image are not easily discernable
with the naked eye. However, the histogram equalization brings out the disk and the
specks, due to the spreading of the histogram to a more uniform distribution. The same
holds true for the low, low medium, medium high, and high dose images, athough these
images were not degraded as severely as the very-low dose image as a result of varying
X-ray exposures. Nonetheless, the low, low- medium, medium-high, and high dose
images still benefited from the histogram equalization. In fact, the histogram equalized
images possess a more uniform distribution of pixel values than the very-high dose
image, meaning that the former have higher contrast than the latter.

Noise introduced during the procurement of the images is apparent in the lower
dose images, however, the RDWT successfully denoises the images. In each case for the
lower dose images, the RDWT filter reduced the Gaussian noise, as is apparent in the
denoised images. To further test the performance of the filter, more additive Gaussian
noise was added. The RDWT filter dramatically reduced the added noise in several
iterations in the cases of the very-low, low, low- medium, medium- high, and high dose
images.

The Fisher ratios for the post-processed lower dose mammography images
exceeded that of the high dose image in the case of the disk samples. In the case of the
speck samples, the Fisher ratios of the post-processed lower dose mammography images

exceeded that of the high dose image. Two trends were expected from this research in



terms of the Fisher ratio. First, it was expected that the Fisher ratio would increase for
the images captured at higher doses of X-rays. Thisis due to the assumption that the
higher dose images have higher contrast, less scatter contribution, and less noise
degradation. The results followed this trend. Secondly, the trend that the Fisher ratio
would increase in the lower dose mammography images after post-processing was
expected. The Fisher ratio trend increased in the case of the post-processed lower dose
images concentrating on the disk. The Fisher ratio trend also increased in the case of the

post-processed lower dose images concentrating on the specks.

5.1 Futureresearch topics

A logical next step for this research is using actual mammography images that
have known malignancies in order to further test the effectiveness of the post processing
techniques on lower dose images. Mammography images can also be blended with ACR
phantoms to provide for a simulation of malignant tissue within a more realistic setting.
This will require more sophisticated image processing techniques to improve the contrast,
reduce the effects of scatter, and denoise the actual mammaography images since it has
more clutter than the images used in the research at hand.

Further investigation into the advantages of using the RDWT should aso be
considered. The RDWT designed to include unsharp masking and denoising attributes is
advantageous for the research at hand. Initial experimentation with the RDWT yielded
promising results in the areas of enhancement and denoising.

Also, the Fisher ratio is a good quantitative metric of comparison to test the

contrast improvement of the post-processed images, however, it does not take into



account the skewed nature of the histograms. A quantitative measure of the quality of the
image that incorporates the skewed nature of the histograms presented should be used.
This quantitative measure should take into account the third moment information of the
data.

The experimental setup used to procure digitized mammography data was
sufficient for the research at hand. However, it is recommended to use adigital
mammography machine to obtain the mammography images for future research. This
will eliminate steps in the image chain that may introduce noise and degradation
experienced in the experimental setup. Examples of the degradation encountered that can
be avoided using digital mammography is the JPEG compression used to save the data
from the original experimental setup and the use of the imaging plate. Possibilities for
improving the image quality of reduced dose mammaography images should increase as

image processing techniques progress.
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