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ABSTRACT OF THE THESIS

Dual-energy material decomposition and lesion characterization using spectral mammography

By

Nikita Kumar

Master of Science in Biomedical Engineering

University of California, Irvine, 2015

Professor Sabee Molloi, Chair

Breast cancer is one of the most commonly diagnosed forms of cancer amongst American

women. Mammographic density has been strongly associated with breast cancer risk. Previous

quantitative assessments of percent density have shown that women with higher percentage of

fibroglandular tissue have a higher risk of being diagnosed with breast cancer. It has also been

established that mammographic density is associated with higher water and lower fat content

in the breast. This implies that women with breasts containing higher volumetric percentage of

water and lower percentage of lipid are at a higher risk of developing breast cancer. The ability

to quantify water and lipid in the breasts with mammographic images has the potential to

stratify women based on breast cancer risk. Thus the purpose of this project was to employ

dual-energy material decomposition technique to demonstrate the feasibility of quantifying

water and lipid in breast tissue. Calibration study was performed to determine the fitting

coefficients in the dual-energy non-linear inverse function to determine material thickness.

Postmortem breasts were imaged using a spectral mammography system and dual-energy

material decomposition was implemented to quantify water and lipid in the breasts. The results
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from mammographic images were compared to results from chemical analysis, the reference

standard. The thickness of water and lipid could be measured with RMS errors less than 1mm

and density with RMS error less than 1% demonstrating a linear relationship. A high correlation

between the two datasets was observed concluding that dual-energy mammography

demonstrates the potential for breast cancer risk assessment based on water and lipid content.

Suspicious lesions detected during early screening requires the patient to undergo needle

biopsy or further imaging examinations to determine the nature of the lesion. However, due to

mammography’s low specificity for malignant lesions, several healthy women are often recalled

for diagnostic procedures. Prior studies have suggested that breast lesion tissue containing

higher than normal percentage of water and lower lipid have higher tendency of being

malignant. The purpose of this project was also to further extend the application of dual-energy

mammography to breast lesion characterization. Dual-energy images of postmortem breasts

with lesion phantoms were studied. The measured thicknesses and densities of the lesions

were compared to known values and a linear relationship was observed. RMS errors of less

than 1mm and less than 10% were calculated for thickness and density respectively. The small

errors were indicative of a good match between the measured datasets and the applied fitting

function and further emphasized the accuracy of dual-energy mammography in lesion

characterization.
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CHAPTER 1

Introduction

Background

Breast cancer is one of the most commonly diagnosed forms of cancer amongst American

women. The year 2014 has recorded an estimate of 232,670 new cases and death expectancy

of about 40,000 women due to breast cancer, although the death rate has been decreasing

over the last decade [1].This fall in death rate may be attributed to treatment advances, earlier

detection through screening, and increased awareness. The ability to detect breast tumor in its

early stages serves as the primary motivation for investigating novel and improvised breast

imaging techniques. The imaging techniques currently available clinically include

mammography, ultrasound, magnetic resonance imaging (MRI), and radionuclide imaging.

Despite some of its minor down falls, mammography is the imaging modality that is currently

employed for breast cancer screening due to its imaging capabilities, scan time and reduced

cost. However, its effectiveness is reduced in women with dense breasts. Once a lesion has

been detected through screening mammography, breast ultrasound is performed to

differentiate between cystic and solid masses to aid needle biopsy [2]. In addition to

mammography, MRI may be performed which provides higher sensitivity but lower specificity

and higher cost [2]. Single-photon emission computed tomography (SPECT), positron emission

mammography (PEM), positron emission tomography (PET) and scinti-mammography are

imaging modalities that employ radionuclide and used for diagnostic purposes.
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While there have been considerable advances in mammography, there is one major limitation

of reducing the three-dimensional anatomy of the breast into a two-dimensional image. This

superposition of the breast tissue masks the underlying anatomical information and impairs

lesion detection. In addition, tissue superposition can create a false impression of a lesion’s

existence, thereby resulting in subjects being recalled unnecessarily for needle biopsies and

additional radiation based imaging. This motivated investigators to develop techniques that

provided depth information in breast x-ray imaging. Currently, stereoscopic digital

mammography (SDM), digital breast tomosynthesis (DBT), and dedicated breast computed

tomography (BCT) are three modalities that are being actively investigated. However, these

imaging techniques have their limitations as well. DBT relies on acquisition of multiple

projection views over a limited angular range to reconstruct a volumetric image. This results in

good separation in anatomical data but with considerable loss of spatial resolution along the

depth-direction due to limited angular sampling causing concern about its ability to detect

subtle structures. BCT provides excellent anatomical details and lesion visualization without the

need for compression but provides limited breast coverage.SDM on the other hand, reduces

false-positives by 39% and false-negative by 46%, but requires twice the amount of dose

[2].Contrast enhanced X-ray imaging is considered as an adjunct technique showing some

promising aspects in terms of tumor staging and identifying tumor extent for breast

conservative surgery. However, these techniques require intravenous injection, which elevates

risk [3].
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Significance

This study proposes a low-dose spectral mammography technique to assess breast cancer risk

and further characterize the nature of the detected breast lesion in terms of its water and lipid

contents. The proposed technique is expected to improve the positive predictive values and

reduce the number of false-positive results without additional radiation dose. The innovation is

in employing a photon-counting, energy resolving, multi-slit Si-strip detector based

mammography system. This system has the ability to record the energy of individual photons

interacting with the detector thereby making dual-energy material decomposition in terms of

water and lipid possible. Recent reports have suggested a positive correlation between

increased tissue water content and carcinogenesis [4]. It has been suggested that increased cell

water content not only promotes cell division and oncogene expression, but also accelerates

cells’ respiration rate, which enhances their ability to compete for nutrients with normal cells

[5] and that the degree of malignancy increases with the degree of cell hydration [6]. These

reports suggest that breast cancer risk may be assessed by quantifying water and lipid content

in the breasts. Other investigations have reported that malignant tumors have reduced lipid

(∼20%) and increased water (>50%) contents compared to normal breast tissue [7, 8]. If lesions

could be characterized quantitatively according to their chemical compositions, predictive

capability might be improved. It has also been reported that 60% of women undergoing

mammographic screening annually over a decade have a false-positive result [9].This high

number of false-positive results is of concern since it would subject many women to

unnecessary biopsies and other follow-up examinations. Thus, there is increased interest in

developing lesion characterization technique that can characterize circular lesions as benign or
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malignant during the initial screening. These reports indicate that mammography’s sensitivity

and specificity may be improved if breast tissue composition can be accurately measured, in

order to better characterize lesions according to their composition.

Through this project an innovative technique has been presented which enables stratifying

patients according to breast cancer risk. The technique is based on breast material

decomposition to quantify water and lipid present in the breast. Previous studies have reported

that women with dense breasts are more susceptible to breast cancer. Breast tissue

encompasses fibroglandular tissue and fatty tissue. Higher percentages of fibroglandular tissue

make the breasts dense. This tissue contains higher percentage of water compared to fatty

tissue. Thus it can be established that breasts with high water content are at higher risk of

developing breast cancer. This study employed dual-energy material decomposition spectral

mammography to quantify water and lipid content in breasts to assess breast cancer risk. The

survival rate amongst the women diagnosed with cancer greatly depends on the stage of cancer

detected making it crucial to detect cancer in its infancy. The dual-energy material

decomposition technique is further applied to quantify water and lipid in detected lesions to

predict their potential malignancy.

Specific Aims

This project proposes a material decomposition technique to quantify water and lipid in breast

tissue and in breast lesions for cancer risk assessment and lesion characterization. The

technique uses a spectral mammography system based on multi-slit Si-strip photon-counting

detectors. This system which has recently been clinically introduced provides spectral image
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data in addition to the standard screening mammogram without any additional radiation

exposure. The central hypothesis of this study is that the water and lipid contents of malignant

tissue differ from those of normal tissue. The proposed technique is expected to reduce the

number of false positive results in breast lesion diagnosis. The specific aims of this project are:

I. Investigate the hypothesis that spectral mammography can be used to measure

water and lipid contents in phantoms

II. Investigate the hypothesis that water and lipid contents of breast tissue can be

accurately measured using postmortem breasts and chemical analysis as the

reference standard

III. Investigate the hypothesis that water and lipid content can be accurately measured

in lesion phantoms inserted in postmortem  breasts

Overview

Following this chapter on introduction to the project is a chapter on basic principles of X-ray

imaging and mammography. Chapter 3 contains information about the features and

technological innovations in the mammography system employed during the study. A

calibration study was performed to obtain coefficients for dual-energy material decomposition

with plastic water and adipose-equivalent materials as basis. The details of this study are

described in chapter 4. The coefficients developed in chapter 4 for adipose and plastic water

are converted to lipid and water respectively. These conversion factors are developed through

a calibration study with details presented in chapter 5. This chapter also describes a

postmortem breast study to quantify water and lipid in the breast tissue by applying the



6

calculated conversion factors. Chapter 6 presents a lesion characterization study using lesion

phantom disks inserted in postmortem breasts. The thesis ends with a summary and

suggestions for future work.
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CHAPTER 2

Conceptual background

2.1. X-ray basics

X-rays are electromagnetic radiations with photons having energies between 100 eV and 100

keV. X rays can penetrate some substances more easily than others. The ability of X-rays to

penetrate depends not only on their wavelength, but also on the density and thickness of the

substance. Due to their penetrating ability, they are used for medical imaging purposes.

Mammography is one such imaging modality that utilizes X-rays.

2.1.1. Generation of X-rays

X-rays are produced by accelerating electrons with high voltage and letting them collide with a

metal target. The electrons decelerate on colliding with the metal target and thus produce X-

rays. This is called Brehmsstrahlung radiation. (Figure 1) Some of the incoming electrons could

also generate X-rays in a different manner when they knock out an inner shell electron of an

atom of the anode. The vacancy created is then filled by an outer shell electron that releases

the energy difference through generation of high energy photons. These are called the

characteristic X-rays and specific to the anode material.
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Figure 1: X-ray generation

Figure 2: X-ray tube

X- ray tube and X-ray generator are the necessary components for X-ray production. (Figure

2)The X-ray tube provides the required environment for X-ray production and the X-ray

generator provides the source of electrical voltage. In the x-ray tube, two electrodes, the
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cathode and anode, are situated a small distance apart. Connected to the cathode and the

anode are negative and positive high voltage cables, respectively, from the x-ray generator. A

small increase in the filament voltage results in a large rise in tube current that accelerates

electrons from the negative cathode to the positive tungsten anode target. The anode rotates

to dissipate heat and X-ray beam is emitted. The generated X-ray spectrum has the appearance

as shown in (Figure 3)

Figure 3: X-ray spectrum for tube voltage of 29kVp using 0.40mm Al-filter and 0.76mm Be-filter
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2.1.2. Interaction of X-ray with matter

X-rays when exposed to a material, interacts with matter in three forms:

(i) Photoelectric absorption

In a photoelectric interaction, the incoming X-ray knocks an electron out of an inner (K-shell or

L-shell) orbital of the atom (Figure 4) and much of the energy of the X-ray is transferred to this

photoelectron. When the vacancy is refilled by an electron from a more loosely bound shell,

the remainder of the energy is transferred either to a second (Auger) electron or to a relatively

low-energy fluorescent X-ray.

Figure 4: X-ray photon interaction resulting in photoelectric absorption

(ii) Compton scatter

Compton scatter results in a part of the energy of the incoming X-ray being absorbed at the

initial point of X-ray impact resulting in the liberation an energetic recoil electron. The

remaining energy is carried away by the scattered quantum to be deposited elsewhere,
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resulting in the loss of spatial resolution. The probability of occurrence of Compton scattering

increases with increase in X-ray energy.

(iii) Rayleigh scatter

X-ray photon interacts with the whole atom and is scattered without change in its own

energy or the internal energy of the scattering atom. The scatter occurs mainly in the

forward direction.

When X-rays propagate through a material, some of the photons are lost due to scatter. This

loss of photons is termed as attenuation and it is dependent on the density of the material.

Higher density materials attenuate to greater extents. When applied to medical imaging,

different anatomical structures attenuate differently and this is represented through different

levels of contrast. Structures that attenuate highest appear white while those that attenuate

least appear dark.

The number of photons N(x) transmitted through a material of thickness t can be expressed as:( ) = ( ) ( )
Where No(x)is the number of photons incident on the material, µis the linear attenuation

coefficient of the material usually represented with the unit cm-1. The three terms are

dependent on X-ray energy (x). A material with higher attenuation coefficient allows fewer

photons to pass through it.
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2.2. Mammography

Mammography is the process of using low-energy X-rays (around 30 kVp) to examine the

human breast, which is used as a screening and diagnostic tool. The goal of mammography is

the early detection of breast cancer, typically through detection of characteristic masses.

Screening mammography, however, has a few disadvantages. Firstly, false-positive results often

occur wherein radiologists express the presence of a lesion while actually the mammogram is

normal. All abnormal mammograms are followed up with additional testing (diagnostic

mammograms, ultrasound, and/or biopsy) to determine the presence or absence of cancer.

False-positive mammogram results can lead to anxiety and other forms of psychological distress

in affected women. The additional testing required to rule out cancer can be expensive, time

consuming and may cause physical discomfort.

Secondly, screening mammograms have the ability to detect forms of cancers that are not life

threatening in addition to cancers that need to be treated. This often leads to "overdiagnosis"

of breast cancer. Overtreatment exposes women unnecessarily to the adverse

effects associated with cancer therapy.

Lastly, false-negative results occur when mammograms appear normal even though breast

cancer is present. Overall, screening mammograms miss about 20 percent of breast cancers

that are present at the time of screening. The main cause of false-negative results is high breast

density. Breasts contain fibroglandular and adipose tissues. Because fibroglandular tissue and

tumors have similar density, tumors can be harder to detect in women with dense breasts.

False-negative results can lead to delays in treatment and a false sense of security among

affected women.



13

2.2.1. Digital Mammography

Digital mammography system is one in which the x-ray film is replaced by solid-state detectors

that convert x-rays into charge/electrical signals in the detector. The electrical signals are used

to produce images of the breast that can be seen on a computer screen or printed on special

film similar to conventional mammograms.

2.2.2. Detectors

The conventional screen-film mammography systems used intensifying screens made of rare

earth phosphors to capture X-rays. But, due to the trade-off between sensitivity and

resolution, screen-films are replaced by detectors in digital mammography systems. Employing

digital technology offers several advantages to mammography. Digitizing images allows easy

electronic transfer and storage without the need for physical storage. There are two types of

digital detector technologies: indirect and direct photon detectors. Indirect digital detectors

convert the incoming X-ray photons into visible light which is captured by either photodiodes or

CCDs and converted into electrical signals. In the direct photon detection technology the

incoming X-ray photons are completely absorbed by the detector material and the interaction

results in production of charge that is proportional to the energy of the interacting photon.

These detectors are made of materials of high atomic number in order to absorb the incoming

high energy X-ray photons.
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Charge-integrating detectors

The charge created from the incoming X-ray photons can be summed at each pixel and the

integrated energy at that pixel is recorded. These detectors are not capable of energy

resolution and swank noise can be a serious cause of image degradation. This noise is

introduced by the statistical variation of released light after the conversion of the photon.

Hence, two photons of the same energy can have different responses in the detector which

translates to an overall uncertainty in the integrated signal.

Photon-counting detectors

Photon-counting detectors count the number of electrical pulses that are above a specified

threshold. Incoming x-ray photons deposit energy at the photon counting detector, thereby

generating electrical charges. The charges then travel within the detector under the influence

of the electric field toward the electrodes and induce a pulse signal, which is then processed by

the Application Specific Integrating Circuit (ASIC) [10]. The height of the induced pulse is

compared with a specified energy threshold value using a comparator. A count is registered in

the counter if the pulse height exceeds the threshold value. On subtracting counts in counters

from adjacent energy thresholds the counts in the energy bin defined by the two thresholds are

obtained.

The photon-counting detector has several advantages over the charge-integrating detectors.

Firstly, the photon-counting detectors can eliminate electronic noise. Secondly, the energy

resolving property of the detector provides the capability of varying the contribution of

photons to the overall signal. By knowing their energy, photons can be weighted differently to

produce images of optimal contrast-to-noise ratio, unlike the charge-integrating detector,
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wherein the low energy photons that contribute most to the contrast are weighted less [10,

11].

2.2.3. Dual energy mammography

Dual energy subtraction is used in digital mammography to exploit differences between the

effective atomic numbers of different tissues. Adipose and glandular tissues have effective

atomic numbers of 6.33 and 6.93, respectively [12]. The attenuation of low-energy X-rays is

highly dependent on Z due to Z3 dependence of photoelectric effect which is a dominant form

of X-ray interaction at low-energies of X-ray. At higher energies, however, Compton interaction

dominates and is less dependent on Z and more dependent on the physical density. Contrast on

mammographic images changes with X-ray energy and the amount of change depends on the

effective atomic number of the tissue material.

Dual energy mammography requires the acquisition of a mammographic projection image at

low- and high-energy. This is achieved through two X-ray exposures at two different tube

voltages (kVp). The two images (I1 and I2) are subjected to weighted logarithmic subtraction,

where R is the weighting factor

ln(I1)-R ln(I2)

By adjusting the value of R, a suitable level of contrast between the two tissues can be attained.

Dual energy capability is available on clinical mammography systems.
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2.2.4. Spectral mammography

Spectral mammography is a new technique where the energy of each photon is utilized in the

color representation of the breast based on energy levels corresponding to breast tissue

composition [13]. The photon-counting technology with its ability to count the number of

incoming photons based on their energies provides the additional benefit of generating these

colored X-ray images. Previous studies have demonstrated that in 23% of the cases, the

conventional X-ray images underestimate the stage of the tumor compared to the color X-ray

with energy discrimination capability [14]. Spectral imaging depends on a reliable measurement

of the energy-dependent attenuation coefficient for different materials. Essentially, color X-ray

images have the capability to sort tissue or materials based on their chemical composition. As

X-ray spectral absorption depends largely on the element’s atomic number, the examination of

the absorbed or transmitted spectrum provides information on the relative concentration of

the elements. The photon-counting detector classifies the incoming photons into two energy

bins based on their energies. Two thresholds are specified, one for the low energy photons and

the other for high energy photons. Since the lower energy photons contribute most towards

contrast, equal weighting is assigned to both low and high energy photons. The resulting image

provides a clear distinction between different tissues/materials. Spectral imaging provides

visual aid in quantifying water and lipid in the breasts. This plays a vital role in stratifying

patients for breast cancer risk based on the percentages of water and lipid in the breasts.
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CHAPTER 3

The MicroDose mammography system

3.1. Introduction

The Philips MicroDose SI is a scanning multi-slit photon-counting mammography system. It is

the first single-shot full-field digital mammography system capable of non-invasive, spectral

imaging without the need for contrast injection.

3.2. System description

The system set up for the MicroDose SI is shown in figure 5. X-rays are produced from a

tungsten anode X-ray tube and subjected to filtration by a 0.40mm Al-filter and 0.76mm Be-

filter. The filters help in eliminating the low-energy photons that would increase the dose

without contributing towards the image. The beam is then subjected to collimation by pre-

collimator that splits the X-ray beam into smaller beams to match the post-collimator and the

detector. The X-ray beam passes through the compression paddle that is used to compress the

breast during image acquisition. Post-collimators are located before the detector so as to

eliminate the scattered radiation from the tissue. The detector is placed perpendicular to the

chest wall(Y-direction). Both the detector and the collimators are mounted rigidly and scans are

performed parallel to the chest wall (X-direction). Thus 2D projection images are obtained.



18

3.2.1. X-Ray tube

In this system, the X-ray tube consists of tungsten anode.  Tungsten does not have

characteristic lines in the mammographic energy range thus making it a favorable choice of

anode material. It enables easy manipulation of mean energy in the produced X-ray spectrum.

The system has a focal spot of 0.3mm and the tube is operated at 26, 29, 32, 35 and 38kVp

giving the corresponding maximum energy of the photons in keV.

Figure 5: MicroDose SI system setup
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3.2.2. Detector design

The detector system consists of a large number of crystalline silicon strip detectors. Silicon is

preferred due to its electronic properties and good energy resolution. However, due to its low

atomic number (Z=14) Si does not have the ability to attenuate the incoming high energy

photons. This is overcome by implementing the edge-on silicon strip geometry where the long

axis of the silicon strip detectors are placed parallel to the direction of the X-ray beam, shown

in figure 6. This creates sufficient absorption length and improves the detector quantum

efficiency in the mammographic energy range.

Figure 6: Edge-on silicon strip geometry

Every X-ray photon incident on the detector interacts with the Si to produce several thousands

of electron-hole pairs without the need for amplification. A bias voltage is applied across the

detector, which generates an electrical field causing oppositely charged charge-clouds to move

towards to the corresponding electrodes. This drift induces a short electrical signal on the
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electrodes. The generated signal is subjected to pulse shaping using suitable electronics, shown

in figure 7.

Figure 7: Conversion of X-ray photon energy to electrical signal

The detector system is supported by custom designed ASIC (Application Specific Integrated

Circuit) that consists of several components like the preamplifier, pulse-shaper, comparator and

digital counter .There are multiple channels in the ASIC and they function in parallel. The pulse-

shaper generates a signal around a few hundred nanoseconds in duration. The comparator

discriminates pulses that are above a certain threshold level from the detector noise (figure 8).

The 15 bits dynamic counter counts the pulses that are found to be above the specified

threshold. Each ASIC read-out channel can handle count rates up to 2 MHz, thus being able to

acquire images with exposures lasting as short as 3-15seconds. .The number of counted

photons in each channel is accumulated during a single sampling interval and then subjected to

image reconstruction. The incident pulse is an order of magnitude higher than the noise level
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allowing the detector to easily distinguish between noise and the pulse due to the incident

photon. Thus the detector only counts the number of pulse peaks.

Figure 8: Selection of optimum energy thresholds

Two thresholds are employed, one to eliminate noise and another to divide the incoming

photons into low and high energy bins. The energy thresholds are selected so as to provide a

quantum efficiency of about 90%.

The energy weighting scheme applied to the detected photon energies in this system is

different from that applied in the commercial charge-integrating type mammography systems.

As the photons passing through the breasts interact with the detector the charge produced is

proportional to the photon energy. The attenuation and contrast depend on the energy of the

photons and it is the lower energy photons that contribute most of the contrast information. In
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charge-integrating detectors the energy weighting is proportional to the photon energy due to

which the lower energy photons are weighted less. In the photon-counting detectors however,

all photons are weighted equally preventing the loss of information. Thus the photon-counting

detector is an improvement over the charge-integrating type. This technology also improves

dose efficiency by 10% [15].

3.2.3. Multi-slit scanning technology

The photons pass through a pre-collimator placed above the breast and a post-collimator

placed between the breast and the detector. The multi-slit collimators shape the beam to

match the detector, and a two-dimensional image is generated when beam and detector are

scanned relative to the breast.

Figure 9: Scanning multi-slit geometry
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The slits, shown in figure 9, created by the combination of the pre- and post- collimators are

lined up with each of the Si detector strips. The pre-collimator removes the photons that are

not directed towards the detector. The post-collimator absorbs the photons scattered by the

breast and not directed towards the detector. This technique overcomes the major limitation of

scattered radiation faced by flat-panel detectors. During the continuous scan the detector is

read every 2ms.
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CHAPTER 4

Dual-energy material decomposition using spectral mammography: A

calibration study

Abstract

Purpose

To investigate the feasibility of quantification of breast tissue chemical composition with dual-

energy mammography through phantom study

Methods

Phantom images were acquired using a Si-strip based photon counting mammography system.

The system was calibrated for dual-energy material decomposition using plastic water and

adipose-equivalent phantom. The phantom was designed to have varying densities of plastic

water and adipose (0, 25, 50, 75, 100%) at different thicknesses (2, 4, 6, 8 cm). Low- and high-

energy images were acquired at different tube voltages (26, 29, not 32, 35, 38kVp). Rectangular

ROIs were drawn within each block of the calibration phantom in the images and corresponding

attenuation coefficients were measured. Calibration coefficients were calculated using the low-

and high-energy log signals and the known thicknesses of plastic water and adipose in the

calibration phantom for different tube voltages. The estimated coefficients were then applied

to calculate the density of the two materials in the phantom as a validation procedure.
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Results

Fitting coefficients were estimated for plastic water and adipose at 26, 29, 32, 35 and 38kVp.

Known and measured thicknesses and densities were compared respectively. Relative error in

measured thickness and density for each of the 20 calibration points were observed. The RMS

error in thickness of plastic water and adipose were found to less than 1mm. The RMS error in

density was calculated to be less than 1% at all tube voltages.

Conclusion

The small errors are indicative of a good match between the non-linear fitting function for dual-

energy calibration and the acquired data.

4.1. Introduction

Mammographic density has been strongly associated with breast cancer risk [16, 17]. Breast

tissue mainly consists of fat and fibroglandular tissue. Radiologically, fat having a lower x-ray

attenuation coefficient than fibroglandular tissue, appears dark on a radiographic image. The

bright regions however, characterize stromal and epithelial tissue and are referred to as

mammographic density [18]. Previous quantitative assessments of percent density have shown

that women with higher percentage of fibroglandular tissue, occupying ≥ 75% of the total

breast area have a 4 to 6 fold higher risk of being diagnosed with breast cancer than women

with < 10% [19]. It has also been established that mammographic density is associated with

higher water and lower fat content in the breast. Thus breasts with higher volumetric

percentage of water and lower volumetric percentage of lipid are at a higher risk of developing

breast cancer. Furthermore, several reports have suggested that breast lesion tissue containing
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high percentages of water and lower lipid content have higher tendency of malignancy. The

ability to quantify water and lipid in breast tissue and detected breast lesions through

mammographic images could further reduce the deaths due to breast cancer by ensuring early

diagnosis and treatment. Characterization of lesions during the initial screening could lower the

number of false-positive cases and potentially reduce the number of patients being recalled for

further examination.

This project presents a technique to quantify two basis materials using dual-energy spectral

mammography by means of a phantom study. The basis materials under consideration were

plastic water and adipose-equivalent plastic since liquid water and lipid cause inconvenience in

handling. The principles of dual-energy material decomposition were employed in quantifying

the density of plastic water and adipose-equivalent plastic phantoms and obtaining the

calibration coefficients. These coefficients were then later employed to quantify density of

lesion phantom disks inserted in the postmortem breasts.

4.2. Dual-energy decomposition

Low- and high-energy images can be combined to enhance certain components in an X-ray

projection image. However, linear log-subtraction applied in this process to obtain quantitative

dual-energy images can be affected by the presence of the non-linear scatter and beam-

hardening effects. Thus, non-linear inverse functions were applied to obtain the thickness of

the materials from the log-signals. A non-linear function with twelve coefficients (a0, a1, a2…)

was employed for the calibration procedure.
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= + + + + + + +1 + + + + +
The thickness T of each of plastic water and adipose-equivalent plastic was fit individually to the

low- and high-energy log-signals (x and y respectively) using non-linear least-squares

minimization algorithm [20, 21, 22]. Figure 10 shows the low-energy log-signal images for

different thicknesses of plastic water and adipose.

Figure 10: Low-energy image of plastic water and adipose of different thickness

Due to the polyenergetic nature of diagnostic X-ray, and the characteristic dependence of linear

attenuation coefficient on energy, low- and high-energy images of this phantom was obtained

at different tube voltages (26, 29, 32, 35, 38 kVp).Thus a set of calibration coefficients were

obtained for each of plastic water and adipose at these tube voltages.
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4.3. Materials and methods

4.3.1. Calibration phantom

This study was carried out using plastic water and adipose-equivalent phantom (CIRS, Norfolk,

VA). In theory, the system calibration may be performed with pure water and oil. However,

both of these basis materials are in liquid form making it challenging for eventual clinical

implementations. Plastic water was made to have attenuation similar to pure water and

adipose-equivalent plastic mimics the attenuation of 15% water and 85% lipid. Tables 1 and 2

show the chemical composition of plastic water and adipose compared to real water and lipid

respectively.

Figure 11: Comparing the linear attenuation coefficients of water and lipid to plastic water and

adipose-equivalent material respectively
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Table 1: Chemical composition of plastic water and real water

Mass fraction
Elements Water Plastic Water

H 1.119E-01 8.100E-02

C 6.720E-01

N 2.400E-02

O 8.881E-01 1.990E-01

Cl 1.000E-02

Ca 2.300E-02

Table 2: Chemical composition of adipose and lipid

Mass fraction

Elements Lipid CIRS Adipose

H 0.118 0.098

C 0.774 0.714

N 0.108 0.020

O 0.163

Cl 0.003

Ca 0.001

The calibration phantom was designed to have different densities (0, 25, 50, 75, 100%) of

plastic water and adipose at different thicknesses (2, 4, 6, 8 cm). Different densities were

achieved by stacking different thickness combinations of plastic water and adipose. Figure 12

shows the design of the calibration phantom employed in this stage of the project.
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Figure12: Calibration step phantom with 0-100% plastic water (yellow) and adipose (red) of

different thicknesses

4.3.2. Image acquisition and processing

The calibration phantom was imaged at different tube voltages (26, 29, 32, 35, 38kVp) and

14mAs using a dual-energy mammography system (MicroDose SI, Philips).High- and sum-

energy images were acquired. Low-energy images were obtained by the subtraction of high-

energy images from the corresponding sum-energy images. Log-signal images (μt) for low- and

high- energy images (I) were obtained by the application of Beer-Lambert equation using the

corresponding energy open-field images (Io).= −
All image processing steps were carried out in ImageJ.
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4.3.2. Image acquisition and processing

The calibration phantom was imaged at different tube voltages (26, 29, 32, 35, 38kVp) and

14mAs using a dual-energy mammography system (MicroDose SI, Philips).High- and sum-

energy images were acquired. Low-energy images were obtained by the subtraction of high-

energy images from the corresponding sum-energy images. Log-signal images (μt) for low- and

high- energy images (I) were obtained by the application of Beer-Lambert equation using the

corresponding energy open-field images (Io).= −
All image processing steps were carried out in ImageJ.
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4.4. Calibration procedure

The calibration procedure was carried out using the above described step phantom. Twenty

points were selected for dual-energy calibration. The calibration data included plastic water and

adipose at four different total thicknesses (2, 4, 6, 8 cm) at five different densities (0, 25, 50, 75,

100%). The calibration dataset is shown in Table 3.

Figure 13: Thickness image of calibration step phantom with ROI (yellow)

4.4.1. Dual-energy thickness measurement

After dual-energy decomposition, the low- and high-energy images yielded plastic water and

adipose thickness images. Within these images, suitable rectangular (Region of interest) ROIs

were drawn (figure 13) to encompass each of the combinations of thickness and density of two

materials in the phantom.
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4.4.2. Error analysis

The RMS error (RMSE) in measured density was calculated using the following equation:

= 1√ ( − )
Table 3: Thickness and density calibration points for the calibration step phantom

Calibration
Point

Total
thickness

Known
density

Adipose
known

thickness

Plastic
water
known

thickness
1 2 100 0 2
2 4 100 0 4
3 6 100 0 6
4 8 100 0 8
5 2 75 0.5 1.5
6 4 75 1 3
7 6 75 1.5 4.5
8 8 75 2 6
9 2 50 1 1

10 4 50 2 2
11 6 50 3 3
12 8 50 4 4
13 2 25 1.5 0.5
14 4 25 3 1
15 6 25 4.5 1.5
16 8 25 6 2
17 2 0 2 0
18 4 0 4 0
19 6 0 6 0
20 8 0 8 0
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4.6. Results

4.6.1 Dual-energy calibration

The fitting calibration coefficients obtained at different tube voltages are shown in table 4

Table 4: Calibration coefficients for adipose and plastic water at all tube voltages

Coefficient 26kVp 29kVp 32kVp 35kVp 38kVp

Index Adipose
Plastic
water Adipose

Plastic
water Adipose

Plastic
water Adipose

Plastic
water Adipose

Plastic
water

a0 -1.088 0.727 -1.102 0.783 -2.458 1.477 -3.532 2.424 -1.781 1.088
a1 -20.065 13.365 -20.117 13.144 -26.066 14.857 -24.492 16.122 -29.629 18.099
a2 30.329 -18.912 28.469 -17.487 37.165 -19.771 29.956 -21.457 35.744 -20.005
a3 0.651 -0.756 -1.531 -0.874 -17.821 -0.826 74.588 -12.442 -39.119 18.262
a4 -0.133 0.351 1.199 1.660 53.228 -1.053 213.087 27.211 105.026 -47.659
a5 -2.354 1.404 2.025 -1.004 -38.906 2.491 156.401 -14.542 -66.208 28.742
a6 0.066 -0.028 -0.074 0.091 -0.202 0.151 -0.914 0.438 0.134 0.020
a7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
a8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
a9 -0.022 0.006 -0.069 -0.109 0.344 -0.265 1.751 -0.955 -1.030 0.320
b1 -0.801 -0.410 -1.217 -0.703 -0.082 -0.626 -6.046 -1.362 1.406 0.972
b2 0.711 0.196 1.569 0.756 -0.023 0.609 8.872 1.643 -1.746 -1.297
b3 0.081 0.038 0.142 0.080 0.078 0.077 0.498 0.129 -0.032 -0.025
b4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
b5 -0.107 -0.033 -0.247 -0.123 -0.128 -0.113 -0.914 -0.184 0.018 0.045

The errors in fitting the thicknesses are shown in figure 14. The error in fitting is estimated by

obtaining the difference between the known thickness and the thickness measured from the

dual-energy decomposition equation.
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Figure 14: Fitting errors in thickness of adipose and plastic water at 29kVp

For the 20 calibration points at 29kVp, an RMS error of 0.2mm for adipose and 0.13mm for

plastic water was observed.

The fitting errors in density for the 20 calibration points at 29kVp are shown in figure 15. The

RMS error in density was observed to be 0.31%, shown in figure 16. Similarly, the RMS error in

thickness and density was measured at the other tube voltages and the results are shown in

table 5.
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Figure 15: Fitting error in density at 29kVp

Figure 16: Plot of known versus measured density over different thickness
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Table 5: RMS error in thickness and density at all tube voltages

Tube voltage RMS error in thickness (mm) RMS error in density (%)

Adipose Plastic water

26 0.22 0.113 0.39

29 0.2 0.133 0.31

32 0.336 0.246 0.64

35 0.252 0.201 0.41

38 0.249 0.2 0.35

4.7. Discussion

The RMS error in dual energy calibration thickness estimation was found to be less than 1 mm

for plastic water and adipose materials. The errors in density were observed to be less than 1%

for all calibration points. The known (Dk) and measured (Dm) densities were linearly represented

by Dm=1.00Dk-1.184 (R2=0.99).

The small errors were indicative of a good match between the non-linear fitting function for

dual-energy calibration and the acquired data. This establishes the effectiveness of applying the

non-linear 3rd-order function in dual-energy material decomposition.
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CHAPTER 5

Dual-energy based spectral mammography for characterization of

breast tissue composition

Abstract

Purpose: To perform feasibility analysis of spectral mammography for breast tissue

characterization in terms of water and lipid through postmortem studies

Methods: Six postmortem breasts were imaged with a photon-counting spectral

mammography system. Low- and high-energy images were acquired simultaneously within a

single exposure. The low- and high-energy images were decomposed to equivalent water and

lipid thickness images where each pixel measurement corresponded to the thickness of water

and lipid in the breast tissue above it.

The postmortem breasts were then subjected to chemical analysis to decompose them into

water, lipid and protein. The result from chemical analysis was considered to be the reference

standard and was compared to the quantitative data obtained from the images. Correlation

between water densities measured from mammographic images and those from chemical

analysis were analyzed using linear regression.

Results: Postmortem studies showed good linear correlation between the decomposed water

thickness using spectral mammography and the reference standard.
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Conclusion: The results demonstrate the feasibility of using spectral mammography to

represent the breast tissue composition, in terms of water and lipid accurately. This

quantitative information can be used as an indicator of breast cancer risk.

5.1. Introduction

Breast cancer is one of the most frequently diagnosed cancers amongst American Women.

Currently, mammography is the standard imaging modality used in breast cancer screening.

Despite its impressive advantages in detection performance, imaging time, and cost-

effectiveness, its limitations is widely recognized [23-26]. The most critical for early detection in

breast cancer screening is to increase the specificity of tumor detection and reduce the overall

population dose by eliminating screening examinations to avoid recalling healthy women for

unnecessary needle biopsy and radiation exposure.

Previous reports, addressing diffuse optical spectroscopy have suggested that malignant tumors

have reduced lipid (∼20%) and increased water (>50%) contents compared to normal breast

tissue [27-30]. In addition, other reports suggest a positive correlation between increased tissue

water content and carcinogenesis [31]. It has been suggested that increased cell water content

not only promotes cell division and oncogene expression, but also accelerates cells’ respiration

rate, which enhances their ability to compete for nutrients with normal cells, [32] and that the

degree of malignancy increases with the degree of cell hydration [33]. These reports indicate

that mammography’s sensitivity and specificity may be improved if breast tissue composition

can be accurately measured, in order to better characterize lesions according to their

composition.
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A previous report has proposed to characterize breast tissue using a three-material

compositional measure of water, lipid, and protein contents using dual-energy mammography

[34]. Dual-energy mammography is based on the principle that different breast tissues have

different effective atomic numbers (Z) that can provide individual quantitative thickness

measurements for each tissue.

However, three-material decomposition using dual-energy mammography requires accurate

breast thickness measurement as the third independent physical measurement. The

fundamental limitation is that the X-ray attenuation properties of water, lipid, and protein have

small differences in their diagnostic energy range [34]. Therefore, three-material

decomposition will require very accurate breast thickness measurement, which is not feasible.

This project, however, presents a two-material decomposition model to characterize the

chemical composition of breast tissue using dual-energy spectral mammography.

Previous reports presented techniques that use the standard screening mammogram as the

low- energy image and an additional exposure at a higher kVp [35, 36]. The need to acquire the

additional high-energy image slightly increases the mean glandular dose along with the

possibility of introducing misregistration artifacts due to patient motion between the two

image acquisitions.

Energy sensitive, photon-counting X-ray detectors that sort the detected photons according to

their energies are employed to measure breast tissue composition. Recently, a photon-counting

spectral mammography system based on scanning multi-slit Si-strip detectors has been

reported [37-41]. A previous study has reported that this system is capable of breast tissue

thickness quantification without any additional exposures [36]. Dual-energy data can be
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acquired with a single exposure and the energy-resolving capability prevents spectral overlap in

dual-energy decomposition. It also eliminates misregistration due to motion artifacts between

the two exposures in dual kVp technique. Additionally, the electronic readout noise can be

effectively eliminated by proper selection of background threshold which can further improve

detection efficiency. A previous report shows six-fold increase in detectability for dense breast

with high anatomical noise [40]. In addition, the scanning multi-slit geometry helps eliminate

scattered radiation, which remains a major limitation for charge-integrating flat panel detectors

used form mammography.

5.2. Theory

This technique is based on the principle that different tissues have different atomic numbers

thereby, having different X-ray attenuation coefficients. X-ray attenuation is mainly due to

Compton scatter and photoelectric absorption. Dual energy imaging makes use of the energy

dependence of the attenuation coefficients of materials. In the mammographic energy range, a

linear combination of any two materials having different and low atomic numbers can

approximately simulate the energy-dependent attenuation of a third material of a given

thickness

t × μ (E) = t × μ (E) + t × μ (E)
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The two constituent materials form the basis materials and the associated normalized

thicknesses are unique descriptors of the energy-dependent sample

attenuation given the known attenuations of the basis materials and .For a known

total sample thickness , the thickness of the two constituent materials can be estimated

by the measurement of attenuation at two different energies. This would produce a non-linear

system of two equations which is sufficient to arrive at the constituent material thicknessesand .
The main components of breast tissue are water, lipid and protein. Our previous analysis of

postmortem breasts showed that the average water, lipid and protein contents were 34.2%,

59.9%, and 5.8%, respectively; therefore, it is possible to characterize breast tissue in terms of

water and lipid, given the small contribution of protein to the total mass.

It has also been established that malignant tissue contains higher quantities of water and lower

quantities of lipid than normal tissue. Thus, it is essential to decompose the sample tissue in

terms of water and lipid as the two basis materials in dual energy breast material

decomposition.

In the obtained dual energy images, each pixel’s low- and high-energy signals (SLand SH) can be

written as functions of the water and lipid content thicknesses (tW and tl)
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Where µW
L, µl

H, µW
Hand µl

Lare the linear attenuation coefficients of water and lipid at low (L)

and high (H) energy bins, respectively. The thickness of water and lipid in the region above each

pixel can then be derived by linear numerical matrix inversion, and each pixel’s proportions of

water and lipid in the breast can be determined.

For the purpose of calibration, a non-linear least-squares fitting function is applied, which

employs the log signals and known thicknesses of lipid or water to estimate the corresponding

coefficients.

= + + + + + + +1 + + + + +
If a water thickness image is considered, the pixel value reads the integrated thickness of water

in the column of tissue above that particular pixel. If this region includes the lesion, the

decomposed water thickness would be a sum of the lesion water thickness and that of the

normal tissue above and below the lesion. The water content of the lesion can be estimated by

subtracting the total decomposed water signal from a region outside of the lesion assuming

uniform water content distribution over the entire region. These subtracted signals can thus

help characterize lesions based on the lipid and water contents.
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5.3. Materials and Methods

5.3.1. Calibration procedure

For the convenience of clinical implementation, dual-energy calibration was performed initially

using plastic water and adipose-equivalent plastic phantoms as basis materials. But the X-ray

attenuation property of the adipose phantom is different from lipid present in breast tissue

mainly due to the presence of water in adipose tissue. Thus two techniques were used to

convert the dual-energy decomposition measurements from plastic phantom thicknesses into

true water and lipid basis. The first method employed theoretical x-ray attenuation coefficients

of water and lipid in the mammographic energy range. Least-square fitting was applied to

obtain the conversion matrix. The second method was based on experimental calibrations.

Low-and high-energy signals of pure water and lipid of known thicknesses were measured. A

non-linear rational function was applied to correlate the decomposed thicknesses to the known

values in order to determine the conversion coefficients. Breast tissue of a given thickness

(µBtB) can be decomposed into two sets of basis materials: (1) plastic water (µpw) and adipose

phantom (µap); and (2) water (µw) and lipid (µl). In a matrix notation, this is written as:= = , where

= [ ], = , = [ ], = .
In addition, the matrices µp and µwl are related through a conversion matrix Awl, which contains

the equivalent thicknesses of water and lipid for the CIRS tissue-equivalent calibration

phantoms:

=
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Awl was determined through simulations and also through experimental calibrations. Thus the

relationship between the true water and lipid contents in the breast and the measured data

from phantom calibration becomes= = ⇒ =
Theoretical method

This method involved using the theoretical attenuation coefficients of the basis materials

shown in table 6 with the equations presented above and the known thickness and attenuation

of plastic water and adipose-equivalent plastic.

Experimental method

Experimental calibrations were performed using liquid water and lipid samples of well-

controlled thicknesses.

For this purpose, different thicknesses of liquid water and lipid extracted from postmortem

breast were individually imaged using the spectral mammography system (MicroDose SI,

Philips) at different tube voltages (26, 29, 32, 35 and 38kVp).  The thicknesses ranged from 0 to

8cm in steps of 0.5cm (table 7). The conversion factors were calculated from the above

mentioned equations.
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Table 6: Mass attenuation coefficient of water and lipid in the mammographic energy range

Energy (kVp) Mass attenuation coefficient
Water Lipid

20 0.80767 0.47830
21 0.73127 0.44356
22 0.65486 0.40892
23 0.60436 0.38588
24 0.55386 0.36285
25 0.50877 0.34248
26 0.47656 0.32800
27 0.44435 0.31352
28 0.41725 0.30067
29 0.39601 0.29150
30 0.37530 0.28239
31 0.35896 0.27382
32 0.34265 0.26596
33 0.33080 0.26008
34 0.31895 0.25421
35 0.30709 0.24833
36 0.29894 0.24403
37 0.29079 0.23973
38 0.28263 0.23583
39 0.27478 0.23224
40 0.26800 0.22880

For the purpose of calibration, after applying the theoretical and experimental methods in

determining the conversion factors, non-linear least-squares fitting function was applied to the
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Table 7: Known density and thickness of water and lipid at different calibration points

Calibration
point

Known density
(%)

Known lipid
thickness (cm)

Known water
thickness (cm)

1 100.00 0.00 1.98
2 78.35 0.43 1.55
3 56.33 0.86 1.11
4 34.35 1.30 0.68
5 14.63 1.71 0.29
6 100.00 0.00 4.01
7 78.40 0.86 3.12
8 57.02 1.72 2.28
9 35.44 2.58 1.41

10 14.64 3.41 0.58
11 100.00 0.00 6.02
12 78.60 1.29 4.74
13 57.18 2.56 3.42
14 35.66 3.84 2.13
15 14.65 5.11 0.88
16 100.00 0.00 8.01
17 78.54 1.73 6.32
18 57.31 3.41 4.58
19 35.78 5.12 2.85
20 14.66 6.82 1.17

log signals and known thicknesses of lipid and water to estimate the corresponding fitting

coefficients.

= + + + + + + +1 + + + + +
5.4. Postmortem study

The main motivation of a postmortem study was to evaluate the accuracy of the proposed

decomposition technique.
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5.4.1. Sample preparation

This technique was experimentally validated through a postmortem breast study. Three pairs of

postmortem breasts (n=6) were obtained from the university willed body program. The

pectoralis muscle was removed and the samples were wrapped with clear wrap to prevent the

loss of water.

5.4.2. Image acquisition and processing

The postmortem breasts were imaged using a dual-energy mammography system (MicroDose

SI, Philips). The samples were imaged at different tube voltages (26-35kVp) and currents (10-

14.5mAs) based on compressed breast thickness. High- and sum- energy images were acquired

for each breast. Low-energy images were obtained by the subtraction of high-energy images

from the corresponding sum-energy images. All image processing steps were carried out using

ImageJ. Log-signal images ( ) for low- and high- energy images (I) were obtained by the

application of Beer-Lambert equation using the corresponding energy open-field images (Io).= −
The low- and high- energy attenuation coefficient images were decomposed into water and

lipid thickness images using previously determined calibration coefficients. ROIs were drawn to

encompass the entire breast and the thickness of the basis material in the whole breast was

measured, shown in figure 17. The density of water and lipid and the volumetric composition of

the two materials in the samples were calculated. Total breast volume was calculated by

summing the product of the area per pixel by the combined thickness of water and lipid for all
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points in the ROI. The thickness images were represented with color maps to better represent

the water and lipid quantities in the breasts as shown in figure 18.

Figure 17: (a) Mammographic image of left postmortem breast (b) Water thickness image of the

breast with ROI (red) surrounding the entire breast volume

5.4.3. Chemical analysis

Chemical analysis is a standard procedure developed by the United States Department of

Agriculture and is employed to measure the contents of water, lipid and protein in a given

sample.

Whole volumes of the postmortem breasts were chemically decomposed immediately after

imaging [42]. The samples were cut into small pieces and put in aluminum baking trays. The

trays were placed in a vacuum oven maintained at 95⁰C for about 48hours until all the water

(a) (b)
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evaporated. The baking time and oven temperature depended on the sample sizes. The

samples were taken out of the oven and weighed. The difference in pre- and post- bake weights

were attributed to water content in the samples. The dried samples were then mixed with

petroleum ether and ground into slurry to dissolve the lipid content from the tissue into the

ether. This solution was then vacuum filtered through a pre-weighed Buchner funnel.

Additional petroleum ether was used to wash the sample to remove any residual lipid content.

The sample tray was re-weighed and the dry sample retained in it was assumed to be protein.

The difference in mass was assumed to be lipid. The ether solution now contained lipid, which

was then isolated from the solution by evaporating

Figure 18: (a) Water thickness image (b) Lipid thickness image of the breast in figure 17

(a) (b)
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the petroleum ether by heating under vacuum distillation. The mass of protein and isolated

lipid content were each weighed, with the balance assumed to be water. The volumetric

percentages of water, lipid and protein content were calculated and compared to the results

obtained from the images.

5.5. Quantities compared

Water and lipid content (Qw and Ql) were determined from the dual-energy images and

chemical analysis. The quantity of protein Qp was also obtained from chemical analysis.

Volumetric percentages of water and lipid obtained from the images, was compared to that

obtained from chemical analysis. The measured densities from the two methods were also

evaluated. = ( // / . / . ) 100

5.5. Error analysis

The RMS error (RMSE) in measured density was calculated using the following equation:

= 1√ ( − )
5.6. Results

5.6.1. Calibration

The fitting coefficients for water and lipid at different tube voltages are shown in table 8.
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The errors in fitting the thicknesses of water and lipid are shown in figure 19. The error in

fitting is estimated by obtaining the difference between the known thickness and the thickness

measured from the dual-energy decomposition equation.

Table 8: Fitting coefficients for water and lipid at different tube voltages

Coefficient 26kVp 29kVp 32kVp 35kVp 38kVp
Index Lipid Water Lipid Water Lipid Water Lipid Water Lipid Water

a0 -0.92 0.52 -0.93 0.62 -2.18 1.14 -3.13 1.89 -1.53 0.59

a1 -17.02 10.18 -17.02 10.29 -22.77 11.46 -22.77 12.99 -25.11 13.28

a2 25.73 -14.05 24.09 -13.42 32.74 -14.94 29.59 -17.15 30.36 -13.44

a3 0.68 -0.41 -1.01 -0.30 -20.30 -1.07 37.36 -4.20 -33.11 9.87

a4 -0.46 0.07 0.15 -0.05 60.87 0.01 -104.99 5.96 89.01 -24.72

a5 -1.77 0.89 2.36 0.32 -45.03 1.53 76.47 -0.79 -56.23 13.39

a6 0.06 -0.02 -0.06 0.07 -0.19 0.12 -0.65 0.29 0.11 0.07

a7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

a8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

a9 -0.02 0.02 -0.06 -0.09 0.37 -0.20 1.30 -0.62 -0.86 0.16

b1 -0.81 -0.37 -1.24 -0.53 0.35 -0.55 -3.99 -0.66 1.41 0.55

b2 0.72 0.15 1.60 0.49 -0.66 0.48 5.84 0.61 -1.76 -0.68

b3 0.08 0.04 0.14 0.06 0.05 0.07 0.36 0.08 -0.03 0.00

b4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

b5 -0.11 -0.03 -0.25 -0.09 -0.07 -0.09 -0.65 -0.09 0.02 0.01

For the 20 calibration points at 29kVp, an RMS error of 0.17mm for lipid and 0.105mm for

water was observed.
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Table 9: RMS errors in thickness and density of water and lipid at different tube voltages

Tube voltage
(kVp)

RMS error in thickness (mm)
RMS error in density (%)

Lipid Water

26 0.199 0.106 0.35

29 0.17 0.105 0.26

32 0.285 0.198 0.54

35 0.214 0.167 0.34

38 0.211 0.165 0.3

The fitting errors in density for the 20 calibration points at 29kVp are shown in figure 20. The

RMS error in density was observed to be 0.26%. Similarly, the RMS error in thickness and

density was measured at the other tube voltages and the results are shown in table 9.
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Figure 19: fitting error in thickness of lipid and water for all calibration points

Figure 20: Fitting error in density for all 20 calibration points
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Figure 19: fitting error in thickness of lipid and water for all calibration points

Figure 20: Fitting error in density for all 20 calibration points
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Figure 19: fitting error in thickness of lipid and water for all calibration points

Figure 20: Fitting error in density for all 20 calibration points
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5.6.2. Postmortem study

Figure 21 shows the volumetric percentages of water and lipid as measured by the dual-energy

decomposition of images and the reference gold standard chemical analysis for one of the

postmortem breasts. Comparison of the measured quantities revealed a standard deviation of

0.4% for water and 2.78% for lipid. Figure 22 shows volumetric percentage of water measured

from chemical analysis and dual-energy decomposition plotted against each other for different

breast samples. A linear relationship is observed between the two datasets that can

represented by Vd=1.21Vc-3.60 (R2=0.95).

Figure 21: Comparison of volumetric percentages of water and lipid as measured by chemical

analysis and dual-energy images for a breast sample
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Figure 22: Comparison of volumetric water percentage measured by chemical analysis and

dual-energy images for 6 postmortem breasts

Figure 23 shows volumetric percentage of lipid measured from chemical analysis and dual-

energy decomposition plotted against each other for different breast samples. A linear

relationship is observed between the two datasets that can represented by Vd=1.03Vc+1.11

(R2=0.95).

Discussion

The RMS error in dual energy calibration thickness estimation was found to be less than 1 mm

for both water and lipid. The errors in density were observed to be less than 1% for all

calibration points at all tube voltages.



56

The small errors were indicative of a good match between the non-linear fitting function for

dual-energy calibration and the acquired data. This establishes the effectiveness of applying the

non-linear 3rd-order function in dual-energy material decomposition.

Figure 23: Comparison of volumetric lipid percentage measured by chemical analysis and dual-

energy images for 6 postmortem breasts

Results from Figure 22 and 23 also show a linear relationship between Vd and Vc for volumetric

percentage measurements of water and lipid respectively. An offset and non-unity slope in the

linear relationship between the volumetric percentage of water and lipid as measured from

dual-energy images and chemical analysis may be due to a significant amount of water being

present in the adipose tissue. Another possibility for error or offset may be due to the fact that
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in the dual-energy images, protein in the tissue is also represented in terms of water and lipid

unlike in case of chemical analysis where protein is extracted as a third component. This

resulted in further computation to represent protein mass (P) obtained from chemical analysis

in terms of water (Wp) and lipid (Lp).

In the dual-energy images the quantity of water measured (W1) is the sum of water from

protein and actual water itself. Similarly the quantity of lipid measured (L1) is the sum of lipid

from protein and actual lipid.

W1=W+Wp

L1=L+Lp

The attenuation due to protein (µp) can be represented as a linear combination of attenuation

by water (µw) and lipid (µl) with the coefficients a1 and a2 respectively.= 1 + 2
The coefficients were estimated by using the known attenuation coefficients of protein, water

and lipid in the mammographic energy range (10-40 keV)

The coefficients were found to be:

a1= 0.46807 and    a2= 0.50532

The contribution of protein to water and lipid can be represented by the following equations

using the protein mass (P) estimated from chemical analysis of the breast sample:==
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The water and lipid contributed by protein was then added to the actual water and lipid

content measured. It was observed that the change in volumetric percentage of water and lipid

was small ~0.02%. The samples under consideration contained a volumetric percentage of 2-

10% protein thus, not contributing largely to volumetric changes in water and lipid. It can be

concluded that the error may be due to water present in the adipose tissue.

This experiment ultimately helps determine the usefulness of dual energy mammography in

quantifying the chemical composition for samples of unknown composition when a two

compartment model of water and lipid is assumed.
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CHAPTER 6

Dual-energy based spectral mammography for characterization of
breast lesion composition: A postmortem study

Abstract

Purpose: To investigate whether suspicious breast lesions can be characterized by

decomposition into constituent materials using dual-energy spectral mammography.

Methods: Postmortem breasts were imaged in the mammographic energy range 26-35kVp

using a silicon based spectral mammography system. Plastic water and adipose-equivalent

lesion disks (0.5cm in thickness and 2cm in diameter) of varying densities (0-100% plastic water)

were inserted into the breast tissue during imaging. Dual-energy decomposition of breast

images was performed based on calibration coefficients obtained from a previous phantom

study. The low- and high- energy breast images were decomposed into constituent water and

adipose-equivalent thickness images with each pixel value indicating the actual thickness of the

constituent basis material. The thickness of water and adipose in the lesion disks were then

calculated by choosing circular, concentric ROIs within and around the disks. The resulting

water densities in the lesion disks were estimated and compared with the known densities of

the disks.

Results: The measured (Dm) and known (Dk) water density measurements of the lesions were

related as Dm = 1.08Dk + 0.84 (R2=0.99). A root-mean-square (RMS) error of 9.24% was

calculated.
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Conclusion: The results indicated that dual-energy spectral mammography can be used to

quantify the composition of breast lesions, which may improve the predictive power for

malignant lesions in screening mammography.

6.1. Introduction

The most critical for early detection in breast cancer screening is to increase the specificity of

tumor detection to avoid recalling healthy women for unnecessary needle biopsy and radiation

exposure.

Previous reports have suggested that malignant tumors have reduced lipid (∼20%) and

increased water (>50%) contents compared to normal breast tissue [27-30]. In addition, other

reports suggest a positive correlation between increased tissue water content and

carcinogenesis [31]. It has been suggested that the degree of malignancy increases with the

degree of cell hydration [33]. These reports indicate that mammographic tumor specificity may

be improved through quantification of breast lesion composition.

This project proposes to characterize breast lesions according to their chemical composition, in

terms of water and lipid contents, with a low-dose photon-counting spectral mammography

system based on multi-slit Si-strip detectors. The proposed technique is expected to improve

the positive predictive values and reduce the number of false-positive results without

additional radiation dose.

The accuracy in lesion characterization also depends on the proper choice of the calibration

material. The traditional two-compartment model generally decomposes breast tissue into

fibroglandular and adipose tissues. However, the two-compartment model has not been used
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to detect high density masses in breast tissue, because it cannot fully eliminate any of the three

major components which are water, lipid and protein. Moreover, the current two-compartment

model suffers large uncertainty from system calibration due to the wide variations in the

chemical composition of the fibroglandular and adipose tissue [43, 44]. Extending the

traditional model into a water-lipid system not only enables lesions to be characterized

according to their actual chemical composition, but also standardizes calibration phantom used

in dual-energy decomposition. However, both water and lipid are liquid, which makes them

difficult to handle in a clinical environment. Therefore, solid plastic calibration phantoms, which

have similar X-ray attenuation properties as water and adipose were employed. Plastic Water

and adipose-equivalent phantoms (CIRS, Norfolk, VA) were used for this purpose.

6.2. Materials and Methods

6.2.1. Sample preparation

Four pairs of postmortem breast samples (n=8) were obtained from the willed body program.

The pectoral muscles from the samples were removed and the samples were wrapped using

clear plastic wrap to prevent the loss of water during imaging.

6.2.2. Image acquisition and processing

The current study was conducted with postmortem breasts which were imaged with a silicon

photon counting mammography system (MicroDose SI, Philips). Plastic water and adipose-

equivalent plastic disks (CIRS Inc., Norfolk VA) that closely resemble the attenuation coefficients

of real water and adipose were embedded in the breast tissue. The disks are 0.5cm in height
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and have a fixed diameter of 2cm. The table 10 shows the chemical composition of the lesion

disks.

Table 10: Chemical composition of plastic water and adipose-equivalent plastic

Mass fraction

Elements CIRS Adipose Plastic Water

H 0.098 8.100E-02

C 0.714 6.720E-01

N 0.020 2.400E-02

O 0.163 1.990E-01

Cl 0.003 1.000E-02

Ca 0.001 2.300E-02

The density of plastic water and adipose vary from 0 to 100% in steps of 20%. The adipose-

equivalent plastic mimics the attenuation of 15% water and 85% lipid; plastic water has

attenuation similar to pure water. The samples were imaged at different tube voltages (26-

35kVp) and currents (10-14.5mAs) based on compressed breast thickness. High- and sum-

energy images were acquired for each breast. Low-energy images were obtained by the

subtraction of high-energy images from the corresponding sum-energy images. Attenuation

coefficient images (μt) for low- and high- energy images (I) were obtained by the application of

Beer-Lambert equation using the corresponding energy open-field images (Io).
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= −
6.2.3. Image based quantification of lesion composition

The low- and high- energy attenuation coefficient images were decomposed into water and

adipose-equivalent thickness images using previously determined calibration coefficients. Two

circular ROIs were chosen in order to calculate the thickness of the two basis materials in the

lesion disks, shown in figure24. Large donut shaped ROIs were drawn around the lesion disks to

estimate thickness of the basis material in the background. Smaller ROIs were drawn within the

disks to estimate the thicknesses of the basis materials in the disks and the column of tissue

above and below the disks. The measurements from the two ROIs were subtracted to obtain

the difference between the lesion phantom and the tissue background. Corresponding density

of plastic water in the lesion disks was calculated from the ratio of water thickness (tpw) to the

total thickness (tT) of the disk, where total thickness is the sum of plastic water and adipose-

equivalent thicknesses in the lesion.

Plastic water density =tpw/tT

tT=tpw+tad
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Figure24: (a) 80% plastic water lesion phantom disk (b) Lesion disk marked by larger outer
donut ROI (yellow) and smaller inner ROI (green)

Figure 25: Color map representation of postmortem breast image with three lesion phantoms

(a) (b)
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6.2.4. Quantities compared

Measured thickness of plastic water lesions phantoms were compared to the known

thicknesses. The measured and known plastic water densities were also plotted against each

other.

6.3. Error analysis

The RMS error (RMSE) in measured density was calculated using the following equation:

= 1√ ( − )
6.4. Results

The inserted phantom thicknesses were measured and compared to the known thicknesses. For

plastic water, excellent linear relation was seen between the two and the quantities were given

by the equation Tm=0.97Tk+0.03 (R2=0.99). An RMS error of 0.26mm was calculated for plastic

water thickness estimation, shown in figure 26.

In case of adipose thickness measurement, very good linear relation was observed between the

known and measured thicknesses as shown in figure 27. The relation could be represented by

Tm=0.97Tk-4.82 (R2=0.96). An RMS error of 0.21mm was estimated.
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Figure 26: Comparing known and measured plastic water thicknesses in the lesions

Figure 27: Plot of known and measured adipose thickness in the inserted lesion phantoms
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Figure 28: Plot of known and measured density of the inserted lesion disk phantoms

The density of the lesion phantoms were also measured and compared to known densities. This

demonstrated a linear relation between the known and measured values and were represented

by the equation Dm=1.08Dk+0.84 (R2=0.99). An RMS error of 9.24% was calculated for the

measured density (figure 28).

Discussion

The thickness of plastic water in the lesion phantoms could be measured with RMS error less

than 1mm. A good linear relation with slope close to unity and very small offset was observed

between the known and measured thicknesses.
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In the case of adipose thickness measurement however, a large negative offset is observed. The

measured thicknesses are all negative values. This may be attributed to presence of a large

percentage of adipose in the surrounding breast tissue.

Figure 29: Lesion phantom with ROIs representing water thickness in specific columns of tissue

Figure 30: (a) Side view of the regions within the ROI (b) Adipose thickness plot

wd

wt

(a) (b)
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wd corresponds to water in the lesion phantom disk of thickness t=5mm and the column of

tissue above and below the disk. wt is the water thickness in the column of tissue of thickness T

immediately surrounding the lesion phantom. Since the percentage of water in the small region

under consideration is negligible compared to the percentage of adipose in the breast tissue, wt

~ 0 and hence there is no offset observed for plastic water thickness measurement. However, in

case of adipose thickness, the offset is observed since the surrounding tissue contains higher

percentage of adipose. Here, Lt, the thickness of adipose immediately surrounding the lesion

phantom is ~t= 5mm. Thus approximately 5mm of offset, attributed but the surrounding

adipose is observed.

Density could be measured with RMS error less than 10%. The errors in density estimation at

each thickness level could mainly be due to different breast samples having different

percentages of glandular and adipose, thereby offering different background noise. However,

there existed good linear relation between the known and measured densities.
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CHAPTER 7

Summary and conclusions

The results from this project indicate that dual-energy spectral mammography can be used to

quantify the composition of breast tissue in terms of water and lipid for the purpose of

stratifying patients based on breast cancer risk.

Further, the dual-energy material decomposition technique can be extended to lesion

characterization, in order to classify breast lesions into benign and malignant based on water

and lipid content. This may improve the predictive power for malignant lesions in screening

mammography thereby reducing the number of false-positive cases.

Two-material calibration phantom was designed to have different densities of plastic water and

adipose-equivalent plastic (chapter 4). The phantom was imaged with spectral mammography

system and dual-energy material decomposition using a 3rd-order function was performed to

obtain the calibration coefficients. The coefficients were obtained over different tube voltages

and thickness and density were measured and compared to known values. The small errors

were indicative of a good agreement between the dataset and the fitting function applied thus,

making it possible to apply these coefficients in the postmortem breast study to quantify water

and lipid in the breasts.

For water and lipid quantification, conversion factors had to be developed in order to convert

the plastic water and adipose thickness images to water and lipid thickness images (chapter 5).

This was achieved through theoretical and experimental approaches. The obtained conversion
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factors were then used to calculate the calibration coefficients for different thicknesses of

water and lipid over different tube voltages. The application of the coefficients in the dual-

energy decomposition equation along with the measured log-signal images resulted in water

and lipid thickness images. The small errors in measured thickness and density in the calibration

phase demonstrated that the conversion factors determined resulted in a good fit with the

dataset and a good linear relation existed between the two.

The application of dual-energy decomposition was then extended to quantify the breast lesion

materials (chapter 6). This involved imaging postmortem breasts with lesion phantom disks of

known thicknesses and densities being inserted into them. The calibration coefficients obtained

for plastic water and adipose-equivalent material (chapter 4) were applied along with the log-

signal images in the dual-energy decomposition equation to obtain plastic water and adipose

thickness images. The thickness and density of plastic water and adipose could be measured

with small errors thereby demonstrating the capability of the technique in breast lesion

material decomposition.

In conclusion, this project presents promising results that emphasize that dual-energy material

decomposition using spectral mammography has the potential to quantify the chemical

composition of breast tissue for the purpose of stratifying women based on breast cancer risk.

It also illustrates encouraging results in quantifying the chemical composition of breast lesions

to an accurate degree demonstrating the potential of lesion characterization to improve

mammogram specificity.
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Future work

The lesion phantoms inserted were uniform in size (0.5 cm total thickness and 2 cm diameter).

Further analysis could be carried out to validate the technique by inserting lesion phantoms of

different thicknesses and diameters.

The lesion phantoms were made of plastic water and adipose-equivalent plastic materials that

are said to have X-ray attenuation properties similar to liquid water and adipose found in breast

tissue. But, the adipose itself is a combination of 15% water and 85% lipid. Thus, these lesion

phantoms might not exactly mimic water and lipid in the real breast lesions. The lesion

phantoms could be replaced by bovine meat to help evaluate the technique better. This would

not only provide the advantage of having lesions with real water and lipid but also resembles a

real lesion in terms of its irregular shape. This could provide a better understanding of reliability

of the dual-energy technique.

To further give a more realistic demonstration of the feasibility of lesion material quantification,

lesions could be grown in mice. Once the lesions have grown to a suitable size they can be

excised and inserted into the postmortem breasts for imaging and material quantification. The

results from this study could prove to be very valuable in validating the dual-energy material

decomposition technique for the purpose of breast lesion characterization.

The steps described until this stage demonstrates the feasibility of dual-energy spectral

mammography in quantifying the chemical composition of breast tissue and breast lesions. The

next stage would be to implement the actual characterization of lesions into benign and

malignant based on the measured water and lipid in the breast lesions. Once this stage is
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completed, patient studies could be carried out to evaluate the improvement in specificity of

clinical mammography.
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