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Cochair: Libby F. Brateman
Major Department: Nuclear and Radiological Engineering
The objective of this study was show that a clinical dosimetry protocol that utilizes
a dosimetric breast phantom series based on population anthropometric measurements
can reliably predict the average glandular dose (AGD) imparted to the patient during a
routine screening mammogram.
In the study, AGD was calculated using entrance skin exposure and dose
conversion factors based on fibroglandular content, compressed breast thickness,
mammography unit parameters and modifying parameters for homogeneous phantom
(phantom factor), compressed breast lateral dimensions (volume factor) and anatomical
features (anatomical factor). The protocol proposes the use of a fiber-optic coupled
(FOCD) or Metal Oxide Semiconductor Field Effect Transistor (MOSFET) dosimeter to
measure the entrance skin exposure at the time of the mammogram without interfering
with diagnostic information of the mammogram. The study showed that FOCD had
sensitivity with less than 7% energy dependence, linear in all tube current-time product

xix

stations, and was reproducible within 2%. FOCD was superior to MOSFET dosimeter in
sensitivity, reusability, and reproducibility. The patient fibroglandular content was
evaluated using a calibrated modified breast tissue equivalent homogeneous phantom
series (BRTES-MOD) designed from anthropomorphic measurements of a screening
mammography population and whose elemental composition was referenced to
International Commission on Radiation Units and Measurements Report 44 tissues. The
patient fibroglandular content, compressed breast thickness along with unit parameters
and spectrum half-value layer were used to derive the currently used dose conversion
factor (DgN). The study showed that the use of a homogeneous phantom, patient
compressed breast lateral dimensions and patient anatomical features can affect AGD by
as much as 12%, 3% and 1%, respectively. The protocol was found to be superior to
existing methodologies. In addition, the study population anthropometric measurements
enabled the development of analytical equations to calculate the whole breast area,
estimate for the skin layer thickness and optimal location for automatic exposure control
ionization chamber. The clinical dosimetry protocol developed in this study can reliably
predict the AGD imparted to an individual patient during a routine screening
mammogram.
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CHAPTER 1
INTRODUCTION
Worldwide, according to the World Health Organization,1 approximately one
million women and men are diagnosed with breast cancer annually. Predominately a
disease of high-income developed countries, breast cancer accounts for 22% of all
cancers in women worldwide. In the United States (US), breast cancer is the second
leading cause of mortality in women.2 One in eight (~13%) women in the US are
expected to be diagnosed with breast cancer during their lifetime. Breast cancer is a
primary disease of women. The American Cancer Society (ACS) estimates in 2005 an
estimated 212,930 new cases of breast cancer will be diagnosed in the US, of which
1,690 will be male and 211,240 will be female.3 The ACS also estimated 40,870 deaths
(460 male and 40,410 female) from breast cancer in 2005.3 Mortality rates in all women
have decreased 2.3 % per year from 1990 to 2001.3 The ACS attributed the decrease in
mortality rates to increased awareness, early detection, screening and improved treatment
regimes.
In the United States, screening mammograms are the primary tool of choice to
diagnose the early stages of breast cancer. The U.S. Preventive Services Task Force and
American Cancer Society (ACS) recommends that women over the age of 40 have an
annual clinical breast examination that includes a mammogram.2,4 ACS also
recommends that asymptomatic women under the age of 40 have a clinical breast
evaluation every three years. Unfortunately, these recommendations are followed by only

1

2
62.4% of American women, according to the 2000 Behavioral Risk Factor Surveillance
System.5
Even though the incidence of breast cancer continues to be of great concern to
women and their families and friend, mammography screening has come under scrutiny
in the past few years in several studies for not significantly contributing to the reduction
of mortality rates.4-6 Since these initial studies, subsequent studies have shown that there
is indeed a reduction in mortality resulting from screening mammography.5
Many risk factors have been identified for breast cancer. One of these is ionizing
radiation, which has been shown to be a carcinogen for breast tissue.6-9 Mammography
uses ionizing radiation as the energy source for imaging breast tissues for neoplastic
changes and other conditions. All medical procedures performed on a patient by a
medical entity are fastidiously documented with the exception of routine diagnostic
radiological procedures, where only the captured image along with patient identification
and diagnosis are documented. The individual patient dose resulting from an exposure to
ionizing radiation is seldom documented as a routine matter. Currently, there are no
federal or state mandates that require recording individual patient doses for any
diagnostic radiological procedure. In addition, there are no standardized clinical
protocols to quantify the individual’s breast tissue dose and doses are very different
among individual patients. Therefore, it is not possible to evaluate accurately breast dose
for a population. In order to study population dose for mammography, a standardized
clinical protocol involving dose would allow accurate documentation for individual
patients. Such population dose data could provide data to improve statistical uncertainties
such as those from the National Research Council, Committee on the Biological Effects
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of Ionizing Radiations: Health effects of exposure to low levels of ionizing radiation
(BEIR V).7 Clinically, such a protocol would provide radiologists and medical physicists
with an accurate and reproducible methodology to estimate the risk associated with the
exposure to ionizing radiation use in mammography.
This study aims to develop a dosimetry protocol that can be utilized in the clinical
environment to estimate an individual's average glandular dose resulting from
mammography imaging with greater accuracy than is currently possible.
Chapter 2 provides important background required to improve understanding of
the dosimetry protocol. The remaining chapters have been laid out in a logical order to
provide all the information needed to estimate the average glandular dose, Dg for an
individual patient, equation 1-1. Dg is calculated with a patient's entrance skin exposure
Xese; dose conversion factor DgN; phantom factor fp; volumetric factor fv; and a
anatomical factor fa. DgN is a function of the patient's compressed breast thickness tb;
mammography x-ray tube potential kVp; spectral half-value layer HVL; and the patient's
fibroglandular tissue content G%.
D g = X ese ⋅ D gN (t b , kVp , HVL , G% ) ⋅ f p ⋅ f v ⋅ f a

(1-1)

Chapter 3 and Chapter 4 explore the possible use of two types of dosimeters to
measure Xese for a patient during the mammography procedure. Chapter 3 evaluates the
potential for the use of a high-sensitivity Metal-Oxide Semiconductor Field-Effect
Transistor (MOSFET) to measure Xese during the imaging session. In this chapter, several
models of MOSFET dosimeters are characterized for use in clinical mammography by
evaluating calibration factors, linearity, angular dependence, and reproducibility. Chapter
4 considers use of a fiber-optic-coupled (FOCD) dosimeter to measure Xese. FOCD
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prototypes were characterized for use in a clinical mammography imaging session by
evaluating each of four dosimeters as to their calibration factors, linearity, angular
dependence, and reproducibility.
Chapter 5 details the development and manufacture of a modified breast-tissueequivalent phantom series (BRTES-MOD) to represent, not only elemental composition,
mass density, and radiological interactions, but also the scattering characteristics related
to the dimensions of the breast. Manufacturing techniques and phantom components
were modified to improve the homogeneity of the phantom. The phantom material is
utilized to manufacture a series of compressed breasts over a range of thickness (2-8 cm)
and fibroglandular tissue content (16.2-68.7%). In addition, a step phantom is
manufactured and used to estimate G% for an individual patient from their clinical
mammogram.
Chapter 6 details a prospective study of mammography patients to determine the
anthropometric measurements of typical breasts under clinical mammography conditions.
A three-month (Jan-Mar, 2005) retrospective demographic study compiled
mammography data acquired from 253 patients (1040 mammograms) seen at a U.S. Navy
health care facility in Jacksonville, Florida. The mammograms were reviewed, digitized
and segmented to measure craniocaudal and mediolateral oblique measurements to
determine the study population average breast dimensions and radiological
characteristics.
Chapter 7 details an investigation to determine how radiographic opacity of breast
tissues in mammography clinical geometry may be affected by tissue layering and
surrounding tissues using a simplified model in a Monte Carlo (MCNP-5) environment.10
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In addition, chapter 7 also describes an intercomparison of glandular tissue quantification
using the clinical population studied in Chapter 6.11 These include the American College
of Radiology (ACR) breast imaging reporting and data system BI-RADS® method (ACR
BI-RADS), planimetry method (PM), histogram-thresholding method (HTM), tubeloading method (TLM) and modified breast-tissue equivalent phantom series
thresholding method (BRTES-MOD TET). Through the ACR BI-RADS method, the
radiologist assigns a single ACR designated density category to the patient. In the
planimetry method, the fibroglandular content is the percent area of fibroglandular tissue
to total breast area. The user in HTM assigns a minimum pixel intensity as fibroglandular
tissue, and then, using the image histogram, calculates the percent area of fibroglandular
tissue pixels to total breast area. BRTES-MOD TET uses a fibroglandular calibrated step
phantom to establish a calibration curve of fibroglandular content as a function of pixel
intensity, which is then applied to the histogram of the image.
Chapter 8 details the Monte Carlo modeling used to derive fp, fv, and fa using the
phantom developed for the ACR Mammography Accreditation Program as well as the
BRTES-MOD phantom model developed in Chapter 5.12 Chapter 8 then brings together
the information gathered from all previous chapters to complete the methodology to
estimate average glandular dose using a homogeneous phantom BRTES-MOD. The final
section of Chapter 8 compares the Dg derived from BRTES-MOD TET and compares it
to HTM, ACR BI-RADS and the standard ACR method that is currently in use by
mammography medical physicist. Chapter 9 details the clinical dosimetry protocol that
will that can be utilized in the clinical environment to estimate an individual's average
glandular dose resulting from mammography imaging. Chapter 9 concludes with a
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synopsis of future work needed to expand the dosimetric techniques to mediolateral
oblique view and to facilitate the migration of the method to digital mammography.

CHAPTER 2
BACKGROUND
Breast Anatomy and Physiology
The primary function of the female human breast is to produce lactate (milk) for the
feeding of the human offspring during the early stages of infancy. Figure 2-1 illustrates
the general anatomical features of the human breast discussed in this paragraph. The
breast is a modified gland of the epidermis (skin) that develops on the thorax anterior to
the rib cage and the pectoralis major muscle.13 Typically, it is located between the
clavicle and eighth rib. The breast can be found medial to the apex of the axilla and
lateral to the sternum. Anterior to the pectoralis major muscle is a layer of retromammary
adipose tissue followed by glandular tissue. Glandular tissue is sequestered in 15 to 20
lobes. Each lobe is surrounded by adipose tissue and has a varying number of lobules and
ducts. The glandular tissue within the lobules is surrounded by collagenous connective
tissue. Typically, each lobule consists of 30 terminal branches that constitute the
parenchymal portion of the breast. The ducts leading anteriorly from the lobules are
surrounded by loose mesenchymal tissue (develops into connective tissue). The lobules
are made up of terminal ducts terminating in lobulus units. Each terminal duct lobular
unit (TDLU) excretes lactate into the extralobular terminal duct, which subsequently
empties into the ductus lactifer. Just posterior to the areola, the ductus lactifer empties
into the sinus lactifer. The sinus lactifer collects a small volume of lactate before it
empties into the pars infundibularis in the mammilla (nipple) and exits the breast via the
porus excretoris. Anterior to the glandular tissue is a layer of subcutaneous adipose
7
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tissue. Interweaving and compartmentalizing these structures are the inferiorly supporting
structures of superficial fascia, deep fascia and Cooper’s ligaments. Lymphatic, vascular
and enervation components are also found throughout these breast tissues. Histologically,
each duct is made up of epithelial cells surrounded by myoepithelial cells. The ducts
extend into the TDLU and terminate in the glandular acini (grape-cluster cavity).
Generally, breast tissue is subcategorized into glandular and adipose tissue. The
glandular tissue is made up of the ducts, TDLUs and associated tissue that make up the
lobes. The radiographic opacities of the breast typically visualized in a mammogram are a
composition of fibroglandular tissue, which, is composed of glandular tissue, fibrous
tissue, ligaments and their associated vasculature and enervation. The content of
fibroglandular tissue will determine the radiographic opacity of the breast in a
mammogram. The radiographic optical densities are also referred to as parenchyma or
parenchymal patterns.
Developmentally, glandular tissue in males remains underdeveloped, while in
females it begins development during puberty and continues to the age of thirty.13 During
the developmental period, hormone levels promote development and increase the number
of branches of the glandular structure in the female. The size of the breast is more
dependent on the adipose content than the glandular content of the breast. In general,
breast size and the related breast tissue composition changes throughout the postpubescent life of the female.13 The single-most important factor in changing breast tissue
composition is reproductive hormones. It can be generally stated that a breast contains
more adipose tissue in proportion to glandular tissue as the female ages after puberty.13
Pregnancy, being the apex of the hormone change in women, dramatically affects a
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mammogram due to the active nature of the glandular tissue in preparation for the unborn
child and mammography screening during pregnancy is typically avoided.
Diagnostic mammography is performed for a number of medical conditions.
Because of the focus of this study is the relationship of mammography with the stochastic
effect of breast cancer, the diagnosis of breast cancer is described in detail.
Breast Carcinogenesis
Cancer is the generic term used to describe the malignant neoplasia of cells that
have lost their ability to regulate normal cellular functions.14 Neoplastic changes in cells
have many root causes; however, of particular interest to this research are those cancers
that may be caused by ionizing radiation. Neoplastic changes resulting from ionizing
radiation have been shown in mammary tissues of mice, rats, guinea pigs, and humans.7,9
The radiosensitive tissue of the human breast is the active glandular tissue, specifically in
the terminal duct the TLDU.6
Regardless of the cause of breast cancer, seventy percent of all breast cancers
develop in the periphery of the parenchyma.13 The periphery of the parenchyma consists
of a one-centimeter surrounding layer of adipose tissue (retromammary adipose and
subcutaneous adipose) in the breast.13 The distribution of carcinomas on breast (right or
left) can be divided into five major quadrants and is shown in table 2-1.6
There are two general types of carcinomas: in-situ and invasive. In-situ cancers are
contained within the anatomical structure. As an example, ductal carcinoma in-situ
(DCIS) is found inside the ducts leading from the TDLUs. Lobular carcinoma in-situ is
located within the lobules. Eighty-five percent of all in-situ carcinomas are DCIS.13
Invasive carcinomas develop from in-situ carcinomas and then spread to surrounding
tissues. Invasive carcinomas can metastasize, traveling through circulatory or lymphatic
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systems and develop secondary malignancies outside breast tissues. Invasive ductal
carcinoma is the most common form of invasive carcinoma.5,13
It is currently believed that the genesis of the breast neoplasm is in the segment of
terminal duct that extends into the lobulus units, figure 2-1.13 An initial biological
indicator for these types of carcinomas is the formation of clusters of micro-calcifications
in the TDLU or associated ducts. Calcifications are composed of calcium hydroxyapatite
and tricalcium phosphate and may contain heavy metals.13 Calcifications within
themselves do not pose a risk and are typically a benign feature of normal breasts;
however, if a cluster of five or more heterogeneously-shaped micro-calcifications (150200 µm) is located within a 1 cc volume, careful evaluation may be warranted. The origin
of the benign or malignant deposit of calcium in breast is not well understood.13
Another common biological indicator of carcinoma is a mass. Masses can also be
benign or malignant. A common feature of a malignant mass is the spiculated nature of
its borders. The origins of breast masses can be numerous, including a hard bruise,
necrotic adipose tissue and malignancy. 13
Even though calcifications and masses are the most common diagnostic markers for
disease, a summary of findings that can be suspect for abnormalities is listed in table II.13
Historical Perspective: Efficacy to Oversight
Soon after the discovery of x-rays by Roentgen in 1895, medical physicians used
the newly discovered imaging modality to explore the human body. In 1913, Soloman, a
German surgeon, reported visualizing breast cancer using x rays.15 Beginning in the early
50s, Gershon-Cohen and Ingleby developed x-ray techniques and diagnostic criteria for
diseases of the breast after having by examined over 1,600 women with general x ray
imaging.16 Their efforts culminated in a paper called "Can Mass X-ray Surveys Be Used
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in Early Detection of Early Cancer of the Breast?" in which they proposed the "Early
detection of unsuspected neoplasms can be promoted by serial survey studies of the
breast in women over 35 years of age" .16 In the late 50s, Robert L. Egan, a Houston
radiologist, developed a imaging technique using industrial film and fine-grain
intensifying screen with high milliamperage-low voltage that provided clearer images
that were easier to diagnose.15 Egan demonstrated the efficacy of mammography in the
late 1950s. Egan and his colleagues screened 1000 women for breast cancer, of which
245 were diagnosed with breast cancer by biopsy. Of the women that were diagnosed
with breast cancer, 238 showed evidence of the malignancy in their mammograms.15 The
efficacy of mammography gained momentum when the Health Insurance Plan of New
York randomized study (HIP)(1963-1966) was conducted by Strax and Shapiro.17 Strax
and Shapiro showed a reduction in mortality rates as a result of mammography
screening.18 As a result of the findings of the HIP study, the American Cancer Institute
and the National Cancer Institute sponsored the Breast Cancer Detection Demonstration
Project (BCDDP) from 1973 to 1978.15,17
In 1975, the United States Food and Drug Administration (FDA) began scrutiny of
mammography facilities after a report by Henry Bicehouse in which he identified
facilities in Pennsylvania with high patient doses.19 At that time, many facilities were not
using dedicated mammography units. Soon thereafter, the FDA initiated the Breast
Exposure: Nationwide Trends (BENT) program to identify problems with dose and
quality of mammography.17 In October of 1975, the National Cancer Institutes (NCI)
developed a working group to review the benefits of the HIP study.17 The NCI working
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group determined that the benefit of screening was warranted for women over 50 years of
age.
Evaluation of the BCDDP data indicated that two-thirds of the cancers detected
could be identified only by mammography.17 The success of the BCDDP was attributed
to the technological advances and use of xeromammography and screen-film
mammography in BCDDP centers.17 Ultimately the higher doses of xeromammography
as compared with screen-film mammography resulted in the widespread use of screenfilm mammography, causing significant reduction in dose, and risk for mammography
screening. Consequently, the greatest reduction in patient dose resulted from facilities
migrating to film-screen mammography. In 1980, American Cancer Society (ACS)
advocated that women receive a baseline mammogram between the ages of 35-39.15 In
1983, the ACS recommended that women between the ages of 40-49 have a screening
mammogram every one to two years.15 The FDA performed a nationwide review of
phantom image quality and radiation doses under the National Evaluation X-ray Trends
(NEXT) program in 1985 and 1988.17 The NEXT-85 report identified numerous
facilities with significant image quality problems. NEXT-88 reported the implementation
of dedicated mammography units in facilities that had previously been using general
purpose units. The report showed that mammography quality was a continuing issue
when 13% of the facilities failed the phantom image scores.
In 1986, the National Council on Radiation Protection and Measurements (NCRP)
published radiation dose guidelines for mammography in Report No. 85.6 The ACS
launched a nationwide campaign, the Breast Cancer Awareness Program, to encourage
the use of screening mammography. The American College of Radiology (ACR), in view
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of image quality issues, developed the ACR Mammography Accreditation Program
(MAP).17 In August 1987, the ACR MAP began accrediting mammography facilities.17
Even though the program was voluntary, the ACR accreditation soon became the
standard of care for mammography facilities. However, it was not mandatory. The NCI
and ACR joined ACS in recommending mammography for women between the ages of
40-49 in 1988.
Public health policy in the United States progressed forward when in 1990, the
Breast and Cervical Cancer Mortality Prevention Act (P.L. 101-354) was passed
introducing screening mammography as the nation's public health policy for detecting the
early stages of breast cancer. A cooperative agreement between the ACR and the Centers
for Disease Control (CDC) started in September 1990 to develop quality control and
quality assurance curricula to improve mammography facilities.17 By 1994, 41 states had
created regulatory oversight of their mammography facilities.17 In 1990, the U.S.
Congress passed the Omnibus Budget Reconciliation Act that included federal funding
for screening mammography. Soon thereafter, the Health Care Financing Administration
(HCFA) began reimbursing for screening mammography as a Medicare benefit.
In late 1991 and early 1992, the national media brought unwanted attention to
mammography when several exposés aired on substandard mammography practices.17 A
report by the U.S. Senate described the state of national mammography regulations as a
"conflicting and overlapping patchwork of federal, state, private, and voluntary
standards".17 As a result of the media exposés and public pressure, federal legislation
was drafted to codify quality assurance and quality control measures in mammography
facilities. The Mammography Quality Standards Act (P.L. 102-359, MQSA) was enacted
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into law in October 1992. The act introduced quality standard regulations for
mammography diagnostic and screening facilities, providers and equipment.
Risk and Mammography
Efficacy of Mammography
The principle goal of a preventive medical procedure is to identify a potential
disease at its early stages, thereby decreasing morbidity and mortality. Under a national
consensus that screening mammography was the standard of care to detect potential
cancers, researchers began to look for the cost-benefit ratio of screening mammography.
A cost-benefit analysis weighs the costs of providing the screening mammogram against
the benefit of reducing breast cancer mortalities. Starting in early 2000, the efficacy of
screening mammography was criticized by two scientific studies, even though there had
been numerous studies showing a benefit for mammography screening.5,8,18,20-22
Researchers in Sweden (Cochrane review) concluded that there was no reliable
evidence that screening mammography reduced mortality rates.21 As a result of the
Cochrane review in 2000, the United States Senate held a public hearing titled "Making
Sense of the Mammography Controversy: What Women Should Know" to clarify the
findings of the Cochrane review study.20 As a result of the hearing, the United States
Preventive Services Task Force, an independent panel of experts that provide policy
guidance to the federal government, also reviewed the studies and concluded that there
was fair evidence that mammography could reduce breast cancer mortality up to 25%
over ten years.23 The task force further stated that the evidence was strongest for women
whose age was between 50 and 69, but concluded that the benefit likely extended to
women 40-49 years of age.23
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Subsequent studies have again re-evaluated the cause and effect of cancer mortality
rates and screening mammography. These have again concluded that there is a benefit
derived from screening mammography. Two Swedish studies have shown long-term
benefits of screening mammography.24,25 A study from the Netherlands in which 27,948
women participated showed a reduction of breast cancer mortality of 1-7%.26 In the
United States, the ACS has reported that mortality rates have declined by 3.2% from
1995 to 2003 as a result of mammography screening programs.2 In 2004, reviews of the
controversial studies have provided conclusive evidence that a substantial reduction in
mortality was evident as a result of screening mammography.23,27
Risk Associated with Mammography Exposures
Outside of risk factors for breast cancer associated with individual health, family
history, life-style and environment, a risk that has not been scrutinized in recent times is
the dose received by the glandular tissues of individual patients.
For measuring dose, MQSA and the ACR MAP use the phantom that was initially
developed for the ACR MAP, so that dose and image quality are assessed with the same
test object. This phantom was designed to represent a 4.2 cm compressed breast
composed of 50% glandular and 50% adipose tissues.
The conceptual model for this phantom was first introduced by Hammerstein et al.
in 1979.28 Hammerstein et al. stated that the model was based on an educated estimate of
the average breast in women and not on population studies.28 The current ACR phantom
that is used as the “average breast” in the United States is composed of a 4.2 cm thick
acrylic block in which a wax insert is placed. The phantom was designed to mimic the
automatic exposure response of a 4.2-compressed thickness with a 50% glandular
composition, figure 2-2. The wax insert contains objects to evaluate image quality.
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Because of variations in breast size and compositions among individuals, neither
BR 12 nor the ACR phantom adequately represent the breast tissue composition of
screening mammography populations.29,30 In order to quantify the glandular dose better
for a population, a reproducible method of determining absorbed dose to the sensitive
breast tissue is needed. As originally suggested by Hammerstein et al., mean glandular
dose or average glandular dose is the current dosimetric quantity that best quantifies the
energy deposited in the radio-sensitive glandular tissue of the breast.7,9
Lifetime Risk from Mammography
Currently, the preferred method in the U.S. to quantify the lifetime risk associated
with any radiation exposure to various organs and tissues as well as to individuals for
incidence and mortality is the Health Effects of Exposure to Low Levels of Ionizing
Radiation (BEIR V) report from the Committee on the Biological Effects of Ionizing
Radiations.7 For breast cancer risk, the analysis presented in the BEIR V report is based
on human data from two mortality series and three incidence series. The mortality series
used were the Canadian Tuberculosis Fluoroscopy (CTF) Study (473 deaths) and the Life
Span Study (LSS) of Atomic Bomb Survivors (151 deaths).7 The three incidence series
were the LSS (367 cases), New York Acute Postpartum Mastisis (NYAPM) Study (118
cases) and the Massachusetts Tuberculosis Fluoroscopy (MTF) Study (65 cases).7 The
LSS and NYAPM groups reported having received acute exposures, whereas the MTF
and CTF groups received exposures fractionated over a period of years. The model was
developed with a five-year latency period; however, the data indicated no excess cancer
risk within 10 years.7 The BEIR V risk model for breast cancer mortality is given in
equations for dose response 2-1, 2-2, 2-3a, and 2-3b, where
γ(d) = individual’s age-specific cancer risk,
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γ0= age-specific background risk,
f (d) = dose function,
g (β) = excess risk function,
α1 = 1.22 ± 0.610,
d = mean glandular dose in Sievert (Sv),
E = age of exposure,
T = years after exposure.7
Estimated parameters for dose response equations 2-1, 2-2, 2-3a, and 2-3b, their standard
errors and standard error percentage in parenthesis, are
β1 = 1.385 ± 0.554 (40%),
β2 = -0.104 ± 0.804 (773%),
β3 = -2.212 ± 1.376 (62%) and
β4 = -0.0628 ± 0.0321 (51%).7

γ (d ) = γ 0 [1 + f (d ) g ( β )]

(2-1)

f (d ) = α 1 d

(2-2)

[

]

if E ≤ 15,

g ( β ) = exp β1 + β 2 ln(T / 20) + β 3 ln 2 (T / 20)

if E > 15,

g (β ) = exp β 2 ln(T / 20) + β 3 ln 2 (T / 20) + β 4 ( E − 15)

[

(2-3a)

]

(2-3b)

The BEIR V model indicates a higher risk for women 15-20 years of age and lower
risk for women greater than 40 years of age. The BEIR V breast model has considerable
sample variation due to the small number of cases used, which therefore result in large
statistical uncertainties in equation parameters.
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Mammography
Designed and optimized to take advantage of several unique radiological
characteristics of breast tissues, mammography visualizes early biological manifestations
of breast cancer.
Photon-Tissue Interactions
Breast tissue is composed of various tissue types that have very similar radiological
interactions. The mass density and atomic composition are so similar that it makes the
tissues difficult to distinguish in radiographs in the normal diagnostic x-ray range of tube
potentials (50-120 kVp). Dedicated mammography units, described below, have been
designed to take advantage of the difference that exists in the radiological interaction
coefficients at low energies to enhance the differences between the glandular and adipose
tissues, figure 2-3(a). The three primary photon interactions encountered in the spectra
from modern mammography units are photoelectric effect, incoherent scattering and
coherent scattering, figure 2-3(a). The dominant contributor in differentiating the tissues
in mammography is the atomic number (Z3) dependence of the photoelectric effect mass
attenuation coefficient. The differences between tissues become accentuated because of
their density difference, as shown in their linear attenuation coefficient plot, figure 23(b).
Mammography Unit Characteristics
Mammography units have unique aspects, such as specialized target/filter
combination, unit geometry and image recording system. One unique characteristic of a
mammography unit is its variety of specialized spectra. The majority of spectra used
clinically today are in the low-energy range (24-50 kVp; HVL, 0.23-0.60 mm Aluminum
(Al)). The mammography x-ray tube targets are commonly made of molybdenum (Mo),
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and units with more flow over target have a rhodium (Rh) or tungsten (W) target in
addition. The target spectrum is typically filtered with a Mo, Rh, or Al filter. The primary
target-filter combination used in mammography today is Mo/Mo. In the case of the Mo
and Rh targets, the characteristic x-ray features of the filter employed plays a significant
role in shaping the resultant spectra, figure 2-4. The characteristic x rays of Mo are 17
and 19 keV, whereas for Rh they are located at 20.2 and 22.7 keV.
The characteristic x rays emitted by the Mo or Rh target and filtered by Mo or Rh,
respectively, are relatively unaffected by the filter of the same composition, because the
characteristic x rays fall just below the K-absorption edge, figure 2-4, where the
attenuation coefficient is reduced significantly. In the case where a Mo target is filtered
by Rh filter, the higher Rh K absorption edge will cause a decrease in contribution from x
rays below 19 keV and increases the contribution of x rays above 20 keV. The filtered
spectrum, therefore, has an enhanced characteristic x-ray distribution lacking the low or
high-energy photon components of the raw spectra emitted by the target. The interaction
between target and filter results in removing low energy photons that contribute to
increased patient dose and removing the high-energy components that reduce image
contrast. Target-filter combinations typically used clinically are Mo/Mo, Mo/Rh and
Rh/Rh.
A second important characteristic of a mammography unit is its beam geometry,
figure 2-5. The geometry of the beam is designed to take advantage of the heel effect by
having the highest intensity component of the beam impinging on the thickest part of the
breast at the chest wall and the low intensity component directed to the thinnest portion
of the breast, the mammilla region, figure 2-6(a). The position of the anode and the
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cathode improves the uniformity of the transmitted x rays. In addition, the beam
geometry also affects the resolution associated with the focal spot (FS) by reducing the
projected FS size along the anode-cathode axis, figure 2-6(b). The unit's reference FS is
typically measured at the axis that bisects the field (reference axis), figure 2-6(b). The
relationship between the FS length at the central axis or chest wall (Achest wall) and the FS
length at the reference axis (Aref) is shown in equation (2-4), where θ is the angle between
the central axis and the edge of the beam and φ is the angle between the central axis and
the reference axis.
Aref = AChestWall ∗ 1 − (tan(θ − ϕ ) / tan θ

(2-4)

A third important characteristic of mammographic unit is the grid for reducing
scattered radiation resulting in improved contrast. Today there are two types of grids used
in mammography; linear, and crosshatch. In both instances, the grids are in constant
motion during the exposure to avoid imaging the septa. Radiation that is parallel to the
septa is allowed to transverse the grid whereas radiation that deviates from that path
typically collides with septa and is absorbed. The linear grids will typically have 31 lines
per centimeter and a 5:1 ratio of lead to septa. The cross-hatch will typically have 23
lines per centimeter and a 4:1 ratio grid with copper septa.
The image-capturing device is the last portion of the imaging system described.
Today there are two types of image-capturing devices in mammography, film screen and
digital. Currently the most commonly used device is film screen, primarily because of
cost.31 Screen-film mammography is unusual here, too, because it uses cassettes made of
low-attenuating material and a single- emulsion film with one image-intensifying screen.
The film-screen combination has been designed to provide adequate spatial resolution of
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the image at reasonable dose. The antiscatter grid reduces the scattered radiation while
allowing the primary beam to pass to the cassette, enhancing subject image contrast. The
x rays then travel through the cassette, film base and film emulsion before interacting
with the phosphor screen to provide higher spatial resolution. The most commonly used
phosphor in mammography is terbium-activated gadolinium oxysulfide (Gd2O2S:Tb) The
most probable interaction between the film and the phosphor occurs near the surface of
the phosphor screen because of the high effective Z of the phosphor screen.
Digital systems have two types of image-capturing devices, computed radiography
(CR) or digital radiography (DR). Currently the only digital system that has been
approved for use by the FDA is DR. CR is expected to be approved for mammography in
2005.
Computed radiography (CR) uses a photostimulable phosphor detector (PSP)
system. Most CR plates are made of 85% BaFBr and 15% BaFI doped with europium
(Eu) commonly called barium flourohalide.31The flexible CR plate is used in a cassette
that is similar to screen-film cassette without a screen. CR plates are exposed in the same
manner as screen-film. The latent image is stored on the CR plate in the form of trapped
electrons. The x ray energy interacts oxidizes Eu+2 to Eu+3 with a mobile high-energy
electron. A portion of the mobile high-energy electron becomes trapped in a F-center
trap. The CR plate is then read by the use of a stimulating red-wavelength laser that
stimulates releases the trapped electrons resulting in a blue-green wavelength light
emission. The output signal travels through a fiberoptic guide to a photomultiplier tube
whose signal is converted to digital using a analog-digital converter. The stored signal
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contains the corresponding gray scale value along with a spatial position generated by the
CR reader.
Digital radiography (DR) has two major categories of detectors indirect and direct.
Indirect DR uses an intensifying screen on top of the photodetector to convert the
x-ray energy into light. Cesium Iodide (CsI) is the popular choice for the intensifying
screen because it improves spatial resolution with its columnar crystals. The typical
photodetector used for this application is a flat panel discretized detector. Each discrete
element contains the electronics and a light-sensitive area. The photoconductor converts
the light signal emitted from the intensifying screen into electrons. The photoconductor is
made up of transistor that is read in a series fashion retaining positional orientation.
Spatial resolution is limited by the discretized detectors. Direct DR uses a
photoconductor on top of the thin-film transistor which converts x rays directly to
electrons without the use of an intensifying screen. The photoconductor is typically made
of amorphous selenium. Unlike CR and indirect DR, direct DR does not trade off spatial
resolution for sensitivity.
Breast Tissue Density
Breast tissue density (glandular tissue content) and compressed breast thickness are
the main tissue parameters of interest for producing the mammography image of the
fibroglandular tissues. The associated parenchymal patterns in the image have in recent
years been associated with the risk of breast cancer by studies that have correlated cancer
incidence with breast tissue density.32-45 A confounding factor to the associated risk is the
difficulty of the radiologist in detecting a neoplasm amongst the dense breast
parenchymal patterns from a radiograph.32 Generally speaking, diagnostic information
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(i.e., calcifications and soft tissue masses) is more hidden from the radiologist as the
breast tissue density increases.
Density Measurement
Tissue density, composition or glandularity is determined by quantifying the
glandular content of the breast. The earliest attempt to classify tissues and their associated
risks from mammograms was made by John Wolfe, who introduced a qualitative method
of evaluating breast tissue density in 1976 by four qualitative categories.36 The Wolfe
categories are: N1-lowest risk, P1-low risk, P2-high risk, and DY-highest risk.36 Wolfe’s
category system, having been developed from a qualitative perspective, has little to offer
the medical physicist in the evaluation of patient dosimetry. At present, the ACR Breast
Imaging Reporting and Data System (BI-RADS) categories are the accepted standard for
classification. BI-RADS partitions breast densities into four categories11:
• Almost entirely fat (<25% fibroglandular)
• Scattered fibroglandular densities (25-50% fibroglandular)
• Heterogeneously dense (51-75% fibroglandular)
• Extremely dense (>75% fibroglandular)
The BI-RADS categories are annotated as part of the patient’s medical record; however,
they do not constitute a quantitative measurement of tissue density by the interpreting
radiologist.
Wolfe and colleagues in 1976 used a computer-assisted planimetry method to
measure breast density. They used an acetate overlay with a trace of the breast outline
and parenchymal regions to identify the dense areas.36 Recently, digitized mammograms
have been segmented and tissue compositions similarly quantified.46 These twodimensional methods ignore the three-dimensional nature of the breast.
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In 2003, Pawluczyk and colleagues developed a digitized method in which the
imaging system was calibrated by using a tissue-equivalent step-wedge simulating
differing breast densities.47 The authors created a three-dimensional plane function that
correlated breast thickness, percent glandularity and the logarithm of the exposure. Based
on the three-dimensional plane, the digitized image was evaluated pixel by pixel, and a
resultant aggregated breast density was determined.
Tissue Compression
Tissue compression is desirable in mammography because it reduces overlapping
anatomy and decreases tissue thickness.31 The decrease in tissue thickness results in
reduced geometric blurring, reduces the dynamic exposure range, and lowers patient
dose. However, compression of the breast is highly dependent on the compression
pressure, compression paddle size, patient positioning and the patient. Current Federal
regulations mandate that the compression thickness indicator of the mammographic unit
must be accurate to 5 mm under moderate compression and reproducible to 2 mm for
compressed breast thickness between 1 to 8 cm.12 It is the intention of tissue compression
to cause anatomical distortion of the breast tissue.
The distortion from compression divides the breast into two major regions: the
tissue that is under full compression, making the tissue uniform in thickness, and the
breast edge region. Figure 2-7 illustrates the two regions. The edge of the compressed
breast has tissue that is not uniform in thickness. The breast-edge effect has been
previously discussed by Highnam et al. and has been explored after collection of the
patient data in this study.48
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Tissue Characteristics
Johns and Yaffe characterized the radiological attenuating properties of normal and
neoplastic breast tissues. The tissue samples were harvested from breast reductions
(normal), and cancer mortality autopsies (neoplastic).49 They reported that neoplastic
(DCIS) tissue had a four-percent increase in the tissue linear attenuation coefficient, as
compared to normal glandular tissue. Current tissue references do not appear to have
taken this discrepancy in attenuation into account for determining the atomic composition
of breast tissues. Further studies are needed to determine the atomic constituents of
normal and neoplastic tissues.
Breast Dosimetry Reviews
Various attempts have been made to derive a dose measurement that appropriately
quantifies the energy absorbed by the radiosensitive tissue in the breast. It is now known
that this radiosensitive tissue is the active glandular tissue.8,9 Some of the dosimetric
measures that have been used in the past are skin-entrance dose, mid-breast dose and total
energy imparted to the breast.28,50 All of these measurements have not adequately
quantified the dose absorbed by the tissue at risk. Today, average glandular dose (AGD)
is used as a measure of the dose to the tissue at risk.50 However, an in-vivo measurement
of the mean glandular dose is not feasible. Historically, methodologies were devised to
relate the AGD to the incident exposure, or now the air kerma using conversion factors.
These conversion factors started as direct measurements in tissue equivalent material and
have since progressed to Monte Carlo evaluations based on the original, simplified model
of the compressed breast. This review is intended to provide the pertinent historical
perspective to the currently-utilized methods of calculating AGD.
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Hammerstein et al., 1979
Prior to the work of Hammerstein et al., mammography dose and its associated risk
were based on the surface skin exposure measurement. Hammerstein et al. proposed
several dose measurements to be used to document patient dose in mammography. The
authors investigated the mid-breast dose, total energy absorbed by the breast and energy
absorbed in tissue at high risk (glandular). Two systems (xeromammography and
screen/film imaging systems) were examined, because they were the standard of practice
at the time. At the time this research was being conducted direct film mammography fell
out of favor due to its high doses. The focus then became on deciding which system
could produce the lowest patient dose, screen-film mammography or xeromammography.
The xeromammography-imaging system had a tungsten target with an aluminum filter,
with a half-value layer in the range of 0.36-1.21 mm Al and a kVp range of 40–50 kVp.
The screen/film imaging system had a molybdenum target and filter with a HVL of 0.31
mm Al at 28 kVp. Hammerstein et al. did indeed find that AGD dose was higher with
xeromammography-imaging system when compared with screen/film combination.
Determining the atomic composition of breast tissue was also in its infancy, and the
authors evaluated skin, adipose tissue, and glandular tissue samples from mastectomy
procedures. They used Archimedes principle to determine the tissue density. They
utilized dehydration and chemical extraction to determine the atomic composition of the
samples. The authors indicated that the adipose and glandular tissue had large variations
in carbon and oxygen due to the contamination from other tissues. The authors however,
did not indicate whether the contaminating tissue was free of neoplasms. In view of Johns
and Yaffe’s attenuation characteristics of neoplastic and normal tissues, the effective
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atomic composition of Hammerstein et al. may have had a systematic error resulting from
neoplastic tissue contamination.49
In order to evaluate the mid-breast dose, total energy absorbed by the breast and
dose absorbed in tissue at high risk (glandular), three tissue substitutes were utilized that
were matched for the radiation interaction properties: they were water, adipose tissue and
50% glandular tissue(50% water/50% adipose).51 The tissue substitutes were
manufactured into homogeneous “D” shaped 1-cm sections with 93 cm2 area. The tissue
doses were measured in the tissue substitute using thermoluminescent dosimeters placed
in machined cavities. The doses were evaluated for breast thickness ranging from 1 to 7
cm. Glandular tissue dose was based on embedding a small mass of glandular tissue at a
depth of 3 cm in a tissue substitute slab (50% glandular). Hammerstein et al. did not
indicate the mass size of the glandular tissue used in the embedding process.
Hammerstein et al. introduced the concept of “average breast” dose, which was
based on a simplified model of the breast as a 6 cm thick homogeneous glandular volume
(50% adipose/50% water equivalent) surrounded by a 0.5 cm of adipose tissue, figure 28. Hammerstein et al. readily admitted in the article that the "average breast" concept
was assumed due to the lack of population data. Hammerstein et al. suggested that the
average breast dose would be an appropriate measure in comparing different systems but
should not be used for quantifying individual risks until such time that population data
would be available for breast tissue composition.
Hammerstein et al. also proposed the procedure for determining dose at any depth
in an appropriate tissue substitute, equation (2-5). The normalized average glandular dose
(DgN) was based on a measure of exposure in the tissue substitute (Xg), the appropriate
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exposure-to-dose conversion factor (fg), the mass of the target tissue (mt) and the
exposure free-in-air (FIA).
−1
DgN = ( X g ⋅ f g ⋅ mt−1 ) ⋅ X FIA

(rad R-1)

(2-5)

The authors stated that the energy absorbed in glandular tissue was the most
pertinent quantity for the risk evaluations in mammography.28 Hammerstein et al.
concluded the article by stating that the "mean dose to the gland" (AGD) for an "average
breast" (50% glandular) could be used for comparing radiographic techniques.
Stanton et al., 1984
Stanton and colleagues evaluated a similar imaging system as Hammerstein et al.28
The authors expanded the Hammerstein idea of “average breast” phantom, figure 2-8(a).
The authors developed a phantom that was semicircular (15 cm diameter) and composed
of BR 12 tissue substitute, figure 2-8(b-d). They examined and established that the area
of a compressed breast had little effect on breast dose (~10%) when examining breasts
with a compressed area of 35-270 cm2. Stanton and colleagues refined the DgN
calculation proposed by Hammerstein et al.28 and developed working curves to determine
glandular dose based on equation (2-6).
−1
DgN = Dg ⋅ X FIA

(rad R-1)

(2-6)

The authors concluded that the average glandular dose was independent of breast
tissue composition. This conclusion was not supported by their measurements, which
suggested a change of 10% for xeromammography and 20% for screen-film
mammography for changes in glandularity of 20-60%. The FDA Handbook of Glandular
Tissue Doses in Mammography and the National Council on Radiation Protection and
Measurements Report 85 adopted the concept of average glandular dose because it
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represented the best estimate of the glandular tissue absorbed dose.6,52 The methodology
proposed by Hammerstein et al. and refined by Stanton was used extensively in the
reports.28 The FDA handbook did however, modify the adipose tissue layer to 0.4 cm,
based on Monte Carlo work by Rosenstein et al..52,53
Dance, 1990
Dance developed a Monte Carlo model that expanded the simplified model
proposed by Hammerstein et al. and Stanton et al. by adding the compression paddle and
the film receptor.28,54,55 The Stanton et al. glandular dose calculation was modified to
include a phantom conversion factor (p) shown in equation (2-7), where DgN is the dose
conversion factor, K is the air kerma and Dg is the mean glandular dose.54

D gN = D g ⋅ ( K ⋅ p) −1

(mGy mGy-1)

(2-7)

The conversion factor of phantom and standard breast enabled the author to use
material that was not necessarily tissue-equivalent but rather convenient and inexpensive.
The material used was Perspex, one of the trade names for PMMA (polymethyl
methacrylate or polymethyl-2-methylpropanoate), which is commercially-available as
inexpensive acrylic. The simulation was made without the patient being modeled and it
ignored backscatter from the patient back into the imaging field. The authors used 90
different x-ray spectra with a variety of beam qualities to compute p and DgN, table 2-3.
Wu et al., 1991, 1994
Wu et al. used Monte Carlo techniques to determine the standard-breast-conversion
factor (DgN), equation (2-8).
−1
DgN = Dg ⋅ X FIA

(rad R-1)

(2-8)
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Their model for the Monte Carlo calculations was adopted from the FDA model, a
semi-elliptical phantom with a 0.4-cm adipose layer covering a homogeneous mixture as
described previously, figure 2-8 (a,d). However, the Wu model did not take into account
the image receptor and cassette. The calculations took into account all photon
interactions previous discussed, for example, photoelectric effect, incoherent scattering
and coherent scattering. DgN values were based on one million particle histories.
Extensive tables for DgN were developed that correlated kVp (23-35), HVL (0.24-0.43
mm Al equivalent) and breast thickness (3-8 cm) for Mo/Mo, Mo/Rh and Rh/Rh targetfilter combinations. The tables were created for 100% glandular tissue, 50%
glandular/50% adipose tissue and 100% adipose tissue. The authors indicated that
glandularity could be adjusted by interpolation between the provided tables. The authors
recommended that XFIA be measured 4 cm from the chest wall and centered transversely
in the field slightly above the grid assembly. They further recommended that HVL be
measured with the compression paddle in a narrow, collimated field.
Sobol and Wu, 1997
Sobol and Wu developed a parametrization algorithm in Visual Basic to enable
computerized calculation of the average glandular dose calculation based on breast tissue
composition, kVp, HVL and breast thickness, using the data collected previously.56,57 The
authors explicitly warned that the computer codes presented should not be used to
extrapolate beyond the ranges of the original work. The code was developed for use with
ranges of kVp(23-35), HVL(0.24-0.43 mm Al equivalent) and breast thickness (3-8 cm)
for Mo/Mo, Mo/Rh, and Rh/Rh target-filter combinations.
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Dance et al., 1999
Dance et al. discussed the estimation of breast dose during a diagnostic
mammogram. They suggested that dose measurements be quantified by using
thermoluminescent dosimeters (TLD) placed on the breast or by correlating patient dose
with machine exposure parameters. They described that a major pitfall could be the
position of the ionization chamber, because the position could cause a variation in the
estimate of mean glandular dose by 12%. They suggested that machine output be
measured during the annual medical physics survey to give an indication of the stability
of the mammography unit. In discussing TLD use, they suggested that placement would
have to be such that it would not interfere with the clinical image. The other drawback to
using a TLD on a patient is the obvious processing time and quality control needed to
provide an accurate measurement. The authors also discussed the strong dependence of
the TLD with the dosimeter thickness at low energies. At the end of the article, the
authors reviewed the national protocols in Europe and the United States and concluded
that, because of the variation in protocols, it was hard to compare them. They reported
that the European protocols called for 1.0-1.5 background optical density (OD) in
mammograms, whereas the United States and United Kingdom called for 1.4-1.8 OD.
Dance et al. suggested that there was a need for an international consensus protocol.
Simulating Breast Tissue
Population Demographics
A clear understanding of the population anthropometric measurements for the
tissue of interest is needed before tissue equivalent materials can be developed as
substitutes. Unless otherwise indicated, the accuracy of the values presented is plus or
minus one standard deviation.
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Geise and Palchevsky, 1996
The research by Geise and Palchevsky in Minnesota was performed to identify the
best composition of tissue equivalent material to test automatic exposure controlled
units.29 They underscored the lack of substantiation for the ACR's description of the
“average breast” as being representative of the typical breast. The ACR 50%- adipose and
50%-glandular tissue phantom had in fact no basis in population studies; instead, as
described above, it was suggested by Hammerstein et al. in their paper in 1979 to
evaluate units against a single model. The Geise and Palchevsky evaluated a
manufacturer’s phantom that was composed of phantoms of simulated 0, 30, 50, 70 and
100% glandular tissue to relate mathematically the mammography unit parameters to
patient breast glandularity. After calculating an empirical formula that correlated
glandularity to machine parameters, equation (2-9), they evaluated 1578 mammograms
from 415 patients retrospectively. Equation (2-9) was developed to relate glandularity (g)
to compressed breast thickness (t), mAs, and kVp.

g = ( 39 . 409 + 109 . 37 / t + 237 . 24 / t 2 ) × (ln( mAs × kVp 8 ) −
(1481 . 9 + 1935 . 3 / t + 7812 . 1 / t 2 )

(2-9)

Using equation (2-9), Geise and Palchevsky determined that the average breast
thickness for their population was 5.2 cm and the average effective glandularity was
34%. They concluded that a 30% glandular tissue composition was the best glandularity
content to simulate AEC response of an average breast in their survey population. They
also suggested that 50% glandular material could be utilized, but the thickness of the
phantom needed adjustment to simulate the same phototimer response.
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Dance et al., 1999
Dance et al. evaluated the use of the dose conversion factors to determine mean
glandular dose in the UK and Europe.50 They evaluated two populations of women: 40-49
years of age and 50-64 years of age. In determining the AGD conversions, Dance et al.
evaluated these two groups for breast size and glandularity, but they did not determine
the mean breast thickness or mean breast glandularity of the two populations. Instead, the
authors stated that the 50-64 year-old group had breasts that were on average compressed
to 4.5-5.0 cm thick with an associated glandularity of 41% to 33%. Figure 2-9
demonstrates the demographics of the two groups in comparison to other authors
discussed.
Maskarinec and Meng, 2000
Maskarinec and Meng conducted a case-control study that evaluated a breast cancer
population in Hawaii to determine correlation between breast density and risk of cancer.
33

The authors stated that Hawaii has a unique population that has essentially equal parts

of Chinese, Japanese, Filipino, Native Hawaiian, and Caucasian ancestry. The authors
evaluated glandularity by a planimetry method of digitized area (percent dense area). The
control population of 647 subjects was selected to match the age, race, glandularity,
breast thickness and various other parameters of the breast cancer cases (647 patients)
used in the study. The authors determined that their average compressed breast thickness
was 3.13 ± 1.45 cm with an average glandularity of 26.8 ± 16.5%.
Rosenberg et al., 2001
Rosenberg it al. evaluated a method to capture machine parameters from routine
mammograms in New Mexico.58 They evaluated 2738 patients with 13,621 radiographs,
in which the glandularity was based on the equation determined by Dance et al. 55 They
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determined that their average compressed breast thickness was 4.9 ± 1.3 cm, with an
associated breast glandularity of 42.9 ± 21%.
Kruger and Schuler, 2001
Kruger and Schuler surveyed the mean glandular dose for women undergoing
mammography in their institution in Minnesota.59 They evaluated 6,006 patients with
24,471 radiographs; the age distribution was not specified. They concluded that their
average breast was 5.1 ± 1.3 cm thick, with an associated 28% glandularity.
Other researchers
Various other researchers have made AGD measurements to the standard breast as
it currently exists. The data from their research that is pertinent to this discussion is the
mean compressed breast thickness measurements, which averaged to be 5.03 ± 0.69
cm.59-62
Volumetric Breast Measurements: Fife, 1990
The innovative concept of this study by Fife is that the author measured the breast,
not only in compressed thickness, but also in compressed width and breadth, giving
insight into a possible range for developing a true population phantom series.63 The
authors evaluated the demographics of their patient population (216 patients) and
determined that the average breast compressed thickness was 5.2 ± 1.1 cm, with
associated compressed breadth of 8.1 ± 2.1 cm and a width of 18 ± 2.4 cm. The authors
defined the width of the breast to be the distance measured from the radiograph along the
axilla to sternum and breadth is the distance from the chest wall to the mammilla, figure
2-7. The authors did not indicate the average compression pressure used for their
compressed thickness measurements.

35
Protocol Tools
The relevant historical background and mammographic unit details have been
presented preceding sections, but in order to develop a viable clinical protocol several
tools will be needed. The tools that will be utilized in this study are tissue-equivalent
breast phantoms, dosimetric devices and Monte Carlo modeling technique. The
proceeding sections will provide the relevant background tools be utilized.
Tissue Equivalent Material
In Vienna in 1906, R. Keinböch was the first to publish the use of tissue-equivalent
(TE) materials by using water as a substitute for muscle tissue in his pursuit to develop a
dosimetry method for Roentgen rays (x rays).64 After Keinböch efforts, many attempts
were made to develop TE materials that had characteristics for being reused and molding.
After the introduction of wax based TE materials by Baumeister in 1922, numerous
radiological characteristic improvements were made to wax that spanned from 1937 to
1956.51 Then in 1956, Shonka et al. introduced a conducting plastic an alternative to wax.
Soon thereafter in 1961-1962, natural rubber and isocyanate rubber substitutes were
introduced by Stacey et al. and Alderson et al. respectively.51 The non-wax based
materials developed had retained the molding characteristics but had superior mechanical
characteristics. Concurrently to the development of TE materials, plastics, first
introduced in 1862, had become pervasive in society and industry.65 The molding and
mechanical characteristics of plastics made then a viable candidate for TE materials.
In 1977, White used a comprehensive approach to develop TE materials taking
commercially-available plastics and adding chemical components to mimic radiological
interactions of tissues.51 White chose materials to mimic the reference tissue in both mass
density and radiological interaction characteristics. Several authors have evaluated breast
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and adipose tissues and their compositions are listed in table 2-4 along with White’s
group glandular TE material (BR 12) and Adipose TE material (AP6). The most
commonly used TE breast material is BR 12.
Dosimetry Devices
A major challenge for mammography dosimetry is choosing the appropriate
dosimeter to quantify the air kerma needed to calculate the AGD. The dosimeter must be
sensitive to the low-energy photons that are used in mammography. In this study, the
metal oxide semiconductor field effect transistor (MOSFET) and fiber-optic coupled
dosimeters will be evaluated for use in quantifying air kerma dose.
Metal oxide semiconductor field effect transistor
In 1974 a metal oxide semiconductor field effect transistor (MOSFET) was
reported to measure ionizing radiation by Holmes-Siedle .66 The technology in fact
quantifies radiation damage to a semiconductor. The damage is irreversible, and therefore
the dosimeters have a limited lifetime that result in a recurring cost.
The MOSFET has a threshold voltage on the metal gate that allows current to flow
between the source and the drain, figure 2-10. During radiation interactions, electron-hole
pairs are created in the silicon oxide layer. A positive bias (3 to 10 volts) applied on the
gate during the exposure separates the electron-hole pairs. The electrons subsequently
move to the gate, whereas the holes move toward the silicon oxide, creating a positive
charge. The positive charge produces a negative shift in the voltage required to allow
current to pass through the MOSFET.67 The shift in voltage (as little as 1 mV) is
proportional to the absorbed-dose deposited.68 The sensitivity can be increased by
increasing the applied positive bias or increasing the thickness of the silicon oxide.67
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The MOSFET dosimeter has been evaluated for use in diagnostic radiology,
radiotherapy, and radioimmune therapy.67-73 The feasibility of using MOSFETs in
diagnostic or screening mammography was first evaluated by Dong et al., and a follow up
study was conducted by Benevides and Hintenlang.74-76 The system used in this study has
an oxide layer that is one µm thick, whereas MOSFETs used in radiotherapy are only half
as thick.67 The increased thickness of the oxide increases the number of available
electron-hole pairs leading to improved statistics and reproducibility.

Fiber optic-coupled dosimeter
A variety of materials produce luminescence immediately (radioluminescence, RL)
or when heated (thermoluminescence), or stimulated with a visible light spectrum
(optically-stimulated luminescence, OSL) after having been exposed to ionizing
radiation. The basic theory is that scintillating photons are liberated when the electronhole pairs formed from the exposure to ionizing radiation recombine at the activator site.
Luminescent materials such as copper-doped silicon dioxide (SiO2:Cu) have several
unique characteristics. Their prompt RL is large in magnitude. They have an OSL
capability and they can be fused to glass, such as fiber optic fibers. A direct application
of this material has been made in the fiber-optic-coupled dosimeter (FOCD). The FOCD
dosimeter principle theory of operation is the detection of RL from Cu+1-doped fused
quartz dosimeter. After being exposed to ionizing radiation, Cu+1 ions are raised to an
excited state, which de-excite by RL. 77 Given that the material can be fused to glass, it is
fully compatible with the fiber optic fibers which are used to transmit the resulting signal
from an exposure.
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Monte Carlo Method
The Monte Carlo (MC) method provides an accurate solution to a variety of
radiation interaction problems by performing statistical sampling experiments.
The method was named after the capital of Monaco, Monte Carlo, because of the
association with the game of Roulette, which represents a simple random number
generator. The history of the MC method began in early 1871, when a Civil War soldier
recovering from wounds wrote a paper on an experimental method of determining π.78 In
1908, W.S. Gosset, a student of a British statistical school used experimental sampling to
determine the distribution of the correlation coefficient for two populations. In 1931, A.
N. Kolmogorov (1903-1987) showed the relationship between Markov stochastic
processes and certain integro-differential equations.
Nicholas Metropolis and Stanislaw Ulam did the majority of the work toward
developing the formal MC method during the Manhattan Project (circa 1945). Their
work simulated probabilistic problems such as random neutron diffusion in fissile
material. J. Von Neumann and Stanislaw Ulam also developed two routines used today
called Russian Roulette and splitting. The method was published in a paper of the
Journal of the American Statistical Association in 1949 titled "The Monte Carlo
Method".
In recent years, MC methods have been applied in diagnostic radiology to
determine patient doses.55,57,79-82 The major drawbacks to using the MC technique are the
computing time to accumulate a statistically-significant number of histories and the
detailed knowledge of the geometry of the incident radiation beam. Monte Carlo Neutral
Particle Code version 5 (MCNP-5) developed by the US Department of Energy was
utilized in the study. MCNP-5 was written in ANSI-Standard Fortran 90 global data
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format that is accessed by individual modules.10 MCNP-5 accounts for coherent
scattering, incoherent scattering, photoelectric effect absorption with fluorescence
emission and pair-production.10
The preceding sections have provided the historical perspective and tools needed to
develop a dosimetry protocol that can be utilized in the clinical environment to estimate
an individual's average glandular dose resulting from mammography imaging with
greater accuracy than is currently possible.
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Figure 2-1. Anatomical features of the human breast with microscopic detail of the TDLU and its ducts. Adapted from Kopans and
Tortora and Anagnostakos.13,83
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Region Materials
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Figure 2-2. (A) American College of Radiology accreditation phantom. (B) A ACR
accreditation phantom image. (C) Schematic showing image quality objects.
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Figure 2-3. (A) Mass attenuation comparison between glandular and adipose breast
tissue. Data derived from National Institutes of Standards and Technology,
XCOM databases.84 (B) The graph shows a comparison between the
interaction coefficients of ICRU-44 glandular and adipose breast tissue.

Figure 2-4 (A) Raw x-ray tube target spectra at 28 kVp, spectra filtered with 0.03 mm of
Mo, 0.025 mm of Rh, and linear attenuation coefficient for Mo in the same
energy range. (B) Raw x-ray tube target spectra at 29 kVp, spectra filtered
with 0.025 mm of Rh, and linear attenuation coefficient for Rh in the same
energy range. The figures illustrate why the characteristic x rays are not
significantly attenuated in the 18-20 kVp range and 19-23 kVp as a result of
the significant drop in value of the linear attenuation coefficient near the Mo
and Rh K-edges respectively. Graph data were derived from National
Institutes of Standards and Technology, XCOM databases and the FDA,
Center for Devices and Radiological Health, X-ray spectra.84.
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Typical Mammography Unit
Anode
Cathode
X-ray tube
Tube port
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Collimation
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with cassette
Automatic Exposure
Control Sensor
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24°
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Figure 2-5. Illustration of typical mammography unit and typical tube geometries. (A)
Common components found on a typical mammography unit. (B) Two types
of tube geometries available in current commercial units. Adapted from
Bushberg et al.31
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Figure 2-6. Illustration of focal spot and heel effect. (A) Heel effect of a unit with a zero
degree (φ) anode tilt and a 24 degree (θ) tube tilt.31 The figure demonstrates
that photons traveling along the χ1 path are filtered less by the anode than
those that travel along χ2 path. The difference in photon filtration results in an
decreasing-intensity continuum from the chest wall to the mammilla. (B)
Focal spot geometry of a 24 degree tube head tilt.31 The figure demonstrates
the projected focal spot (PFS) variation along the cathode-anode axis.
Adapted from Bushberg et al.31
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Figure 2-7. (A) A cross-sectional view of the compressed-breast edge and uniform
region in a mammographic unit. (B) A craniocaudal mammogram view of
skin edge, dense region, width, posterior nipple line, compressed-breast edge
and uniform region.
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Figure 2-8. (A) Hammerstein et al. simplified model with an 0.5 cm layer of adipose
tissue. The thickness of adipose tissue is shown as ta and homogeneous
glandular tissue is shown as tb. (B) Stanton et al. model with an 0.4 cm
adipose layer tissue. (C)Uniform composition phantoms used in dosimetry
measurements.6,28,54
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Figure 2-9. (A) The graph shows the relationship between breast tissue glandularity and
compressed thickness. (B)The mean values tend to aggregate about 30-45%
glandularity and 4.0-5.0 cm in thickness.29,33,55,58-60
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Figure 2-10. A MOSFET dosimeter functional schematic.Adapted from Thompson
Nielsen.85
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Table 2-1. Anatomical distribution of breast cancer in the right or left breast as described
in Kopans13
Breast Quadrant
Breast Cancer
Distribution (%)
Upper outer
52
Upper inner
15
Areola
14
Lower outer
11
Lower inner
8

52

Table 2-2. Radiographic features suggestive of malignancy as describe in Kopans. 12
Neodensity or new calcifications
New masses or architectural distortion
New clustered calcifications
Findings that suggest a high probability of malignancy
Spiculated lesions
Fine, linear, branching calcifications
Findings that should arouse suspension
A lesion with ill-defined margins
A lesion with microlobulated margin
Architectural distortion
A distorted parenchymal edge
Density increasing over time
Clustered microcalcifications
Hanging calcifications
Findings that are probably benign
Solitary circumscribed mass
Solitary asymmetric duct
Round, regular clustered calcifications
Findings that support the possibility of malignacy
Asymmetric breast tissue
Asymmetric ducts
Asymemteric veins
Skin and trabecular thickening
Nipple retraction, deviation, or inversion
Enlarged axillary lymph nodes
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Table 2-3. X-ray Spectra examined by Dance in developing DgN tables.26
HVL range
Target/Filter
Filter
kV
(mm Al equiv)
Combination
Thickness
Range
(µm)
0.25-0.45
Mo/Mo
30
25-35
0.45-0.70
W/Mo
60
23.35
0.50-0.80
W/Rh
50
24-35
0.55-0.90
W/Pb
50
25-35
0.50-2.00
W/Al
na
23-50

Table 2-4. The elemental constituents of adipose, breast glandular tissue and two composite plastic tissue equivalent materials (BR 12
and AP 6)as described by Hammestein et al., White et al. and ICRU-44.22,23
Source

Tissue

Elemental Composition (% by mass)
H

C

N

O

ICRU44

11.4

59.8

0.7

27.8

White77
Hamstn79

12.0
11.2

64.0
61.9

0.8
1.7

23.3
25.1

ICRU44

10.6

33.2

3.0

52.7

White77
Hamstn79

11.70
10.2

38.04
18.4

3.2

50.26
67.7

8.68

69.95

2.37

17.91

8.36

69.14

2.36

16.93

Others

Density
(gm cm-3)

Adipose
0.1 Na,0.1 S,
0.1 Cl
0.1 Ash
(S,P,K,Ca)

0.9500
0.9200
0.930

Glandular

White77

0.5 Ash
0.14 Cl, 0.95
Ca
3.07 F, 0.14 Cl

1.020
0.960
1.040
0.970
0.920
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White77

Tissue
Equivalent
BR12Glandular
AP6-Adipose

0.1 Na, 0.1 P,
0.2 S, 0.1 Cl

CHAPTER 3
CHARACTERIZATION OF MOSFET DOSIMETERS FOR APPLICATION IN
CLINICAL MAMMOGRAPHY
Introduction
Glandular tissue in the breast has been shown to be radiosensitive, yet current
clinical practices do not record the individual patient doses for mammography
procedures. The Mammography Quality Standards Act (MQSA) of 1992 instead requires
that each facility performing mammography have its dedicated mammography units
deliver less than to 3.0 mGy (300 mrad) dose for the standardized acrylic phantom
specified by the American College of Radiology.12 Although the risk associated with
ionizing radiation is low, and the benefit of mammography is without question, in recent
times, ionizing radiation doses received during diagnostic and interventional x-ray
procedures have become a widening concern as exemplified by pediatric CT and
interventional cardiac fluoroscopic procedures. However, individual patient doses are not
required to be documented even though mammography constitutes a reoccurring
exposure of breast tissues to ionizing radiation. In addition to current imaging
technology, the continued clinical demand for detailed imaging of patients has promoted
new imaging modalities such as computed tomography of the breast, general digital
mammography, and breast tomosynthesis that will require detailed studies to determine
the risk associated with these procedures. These technologies promise to reduce patient
dose and provide a better platform for visualizing disease states without invasive
procedures. Dosimetry can play a vital role in providing the data necessary to document
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patient dose for future risk-benefit analysis. On of the methods to evaluate patient risk
from a radiological procedure is to document patient dose while not interfering with the
diagnostic information in the image.
Evaluating the risk associated with a diagnostic radiological procedure has been
acknowledged by the 2005 draft recommendations from the International Commission on
Radiological Protection (ICRP 2005). The ICRP 2005 states "That exposure is not limited
by any regulatory process, but is controlled by the physician, who therefore should be
aware of the risks and benefits of the procedures involved". 86 The direct outcome of the
ICRP recommendations is that a physician must then balance the risk versus benefit
equation by maximizing the diagnostic information while maintaining the exposure to
ionizing radiation as low as diagnostically achievable (ALADA). The physician and
physicist that ignore ALADA have the potential of increasing patient dose unnecessarily.
Until relatively recently, the primary method used by physicists to evaluate patient
doses in general radiology was the Bureau of Radiological Health1) handbooks that were
published in the 1980s and present dose as a function of measured entrance skin exposure
(Xese) .52 The current method used in mammography is described in ACR Quality Control
Manual where a "free-in-air" (Xese(FIA)) entrance-skin-exposure measurement is coupled
to the dose conversion factor resulting in an "average glandular dose" to the breast.12 In
either method, the physicist measures the HVL and Xese or XeseFIA with an ionization
chamber and then selects the appropriate tabulated dose-conversion factor for the target
tissue or organ at the specified tube potential. The procedure is not designed for
recording patient dose and is usually performed post-exposure, which is time-consuming.
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Food and Drug Administration, Center for Devices and Radiological Health, Rockville, MD
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In addition, the ionization chambers typically used are too large to be used in real-time
because they would interfere with the diagnostic image for individual patients.
One possible method of acquiring XESE or XFIA is to use a thermoluminescent
dosimeter (TLD) during or after the procedure. However, TLDs require significant postexposure processing; they are visible in the diagnostic image; and are seldom used in a
diagnostic setting. A recent paper by Forward and Dugan explored the possibility of
using a new thin TLD that resolves the issue of being visible, but the authors did not
address the lengthy post-exposure processing.87 The primary drawback with TLDs is
their inability to provide the patient dose immediately post-exposure, that is, real-time.
The ideal diagnostic radiology dosimeter would be one that provides a immediate
response to the radiation field (real-time), is accurate, tissue-equivalent, inexpensive, easy
to operate, exhibits no angular dependence and does not interfere with the diagnostic
information in the image. An ionization chamber meets the real-time requirement and
accuracy but is typically too large to be used in the clinical image. The ionization
chamber also does not satisfy the tissue-equivalence and it has an angular dependence.
An alternate possibility is a MOSFET dosimeter for real time mammography
exposure measurement. MOSFETs have been used to measure ionizing radiation since
1974.66 The medical applications of MOSFET dosimeters have ranged from diagnostic
radiology, to radiotherapy and radioimmune therapy.67-73 Previous diagnostic radiology
evaluations used x-ray tube potentials throughout the energy range of 40-120 kVp. 67,70,71
The use of MOSFET dosimeters in mammography was introduced by Dong et al. as a
means to estimate the mean glandular dose. Dong et al. evaluated MOSFET2 dosimeters

2
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for tube potentials of 25 to30 kVp and reported an energy dependence of less than three
percent. Their finding is contrary to the present study.74
In this paper, several models of MOSFET dosimeters have been characterized for
use in clinical mammography. This research characterized calibration factors, linearity,
angular dependence, and reproducibility of the five MOSFET models, TN-502RDS, TN1002RDI, TN-1002RDS, TN-1002RDM and TN-1002RD MOSFET, utilizing
techniques initially described in Chapter 2 and in Bower and Hintenlang.67
Material and Methods
MOSFET and Patient Dose Verification System
The current study characterized the 5 high-sensitivity MOSFET2) dosimeter models
TN-502RDS (Micro), TN-1002RDI, TN-1002RDS (Micro), TN-1002RDM (Micro) and
TN-1002RD for use in clinical mammography. Figure 3-1 shows the schematic structure
of a MOSFET dosimeter. The dosimeters were utilized in conjunction with the Patient
Dose Verification System2, model number TN-RD-15 (version 3.6) consisting of a
dosimeter reader and up to four dual-bias power supplies, (model TN-RD-22). In
addition to the TN-RD-22 dual-bias power supply, a very-high sensitivity dual-bias
power supply was characterized. The bias supply can accommodate up to five
dosimeters. The TN-RD-22 dual-bias power supply has two sensitivity settings: standard
and high. The very-high sensitivity dual-bias power supply has one sensitivity setting and
requires no adjustment for use with high-sensitivity dosimeters. The standard, high and
very-high sensitivity settings of the bias supplies change the dosimeter bias voltage,
correspondingly changing the dosimeter response. Typically, the dosimeter sensitivity
requirements are matched with the bias supply sensitivity setting. The dosimeter reader
displays the dosimeter response (mV) and the accumulated dosimeter response (mV) for
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each dosimeter. Computer-dosimeter interface software (Autosense© version 2.1,
Thomson and Nielsen Electronics, Ltd.) was used to facilitate data collection and storage.
The Autosense© software enables the user to store and apply the calibration factor for
each MOSFET, providing an automated conversion of exposure in mV to roentgen or C
kg-1. The reader display has a resolution of 1 mV which allows a minimum exposure of
8.0 X 10-6 C kg-1 (30 mR) to be recorded when utilizing very-high bias power supply.
The high-sensitivity MOSFET dosimeter is composed of two MOSFET devices
mounted together under a 1-mm bubble of black epoxy on a thin, flexible 20-cm-long
cable, which is connected to the bias power supply by a 1.4 m long rugged cable. The
size of the epoxy bulb that covers the MOSFET dosimeter has lateral dimensions of 2.5
mm x 8 mm with a maximum thickness of 1.3 mm for a standard dosimeter, and 1.0 mm
x 3.5 mm with a maximum thickness of 1.0 mm for a microdosimeter.88
Diagnostic Radiography Units
General Electric Senographe DMR
A General Electric Senographe DMR3) (GE-DMR) mammography x-ray unit
provided the mammography x-ray field used in measurements of sensitivity, linearity,
angular response and reproducibility. The GE-DMR uses a high frequency generator and
an x-ray tube, with a dual bi-metal track target of molybdenum (Mo) and rhodium (Rh).
The x-ray spectra were filtered using Rh or Mo filters. Tube potentials used for the
characterization were incremented in two kVp increments over a range appropriate to
each target-filter combination: Mo/Mo (24-34 kVp), Mo/Rh (30-40 kVp) and Rh/Rh (3648 kVp). The tube current-time stations used correspond to stations used in clinical
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practice (50-320 mAs). The unit had a fixed source-to-image receptor distance of 660
mm.
Picker condenser discharge mobile radiography unit
A Picker4) condenser discharge mobile radiography unit, model UG-5M-02M,
provided the diagnostic x-ray field used in the angular response evaluation. The unit uses
and operates in the diagnostic range of 50-120 kVp with a tungsten target. The tube
potential used for the angular characterization was 80 kVp.
Exposure Measurements
The ionization chamber used for reference exposures and dosimeter calibration was
a RADCAL Corporation5) model MDH 1015 radiation monitor with a mammography
probe (model 10x5-6M). The ionization chamber has a dynamic exposure range of 5.16
x 10-9 C kg-1 (0.02 mR) to 0.026 C kg-1 (99.9 R) and exposure duration range of 0.1 msec
to 99.99 sec. The mammography ionization chamber has a metal-coated polyester
window with a polyacetal exterior and an active volume of six cm3.
Dosimeter Angular Response
The dosimeter angular response was evaluated by rotating the dosimeter within the
stationary x-ray field. The dosimeters were rotated about their cable axis free-in-air with
the bubble side facing and perpendicular to the x-ray beam at 0° position. The dosimeters
were exposed until they accumulated an indicated exposure of approximately 200 mV.
The dosimeters were evaluated at 27 kVp and 80 kVp in 10° increments for a full 360°
rotation. The 80 kVp evaluation was performed to provide a standard for previous
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Picker Dunlee Corporation, Bellwood, IL
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measures of angular response. The dosimeters were evaluated in the mammography
energy range at 27 kVp with a target-filter combination of Mo/Mo at 0 degrees and in 10°
increments from 90° to 230° to evaluate the angular response resulting from the
dosimeter construction. The reported value is an average of five exposures was taken at
each 10-degree increment at both the diagnostic and mammographic energy ranges.
The angular response was evaluated to determine the working angular range of the
dosimeters for clinical applications. In our methodology the MOSFET dosimeter are
exposed in a fixed orientation so angular response does not dramatically affect the results.
Other investigators may wish to use dosimeters in other configurations.
Dosimeter Sensitivity
The MOSFET dosimeter sensitivity was measured over the x-ray tube potentials of
24 to 48 kVp to evaluate the energy response across in the mammography energy range.
The dosimeters were fixed to the underside of the GE-DMR compression paddle
approximately one centimeter from the face of the ACR phantom, as illustrated in figure
3-2. The target-filter combinations evaluated were Mo/Mo (24-34 kVp), Mo/Rh (30-40
kVp), and Rh/Rh (36-48 kVp). Five (5.16x10-4C kg-1 (2 R)) exposures were made at each
energy range. The total exposure was kept constant for different kVps by adjusting the
tube current-time product (mAs) station.
The primary use of the dosimeter is to determine the free-in-air exposure during the
clinical imaging. This measurement can subsequently be used in the calculation of
average glandular dose. The dosimeter position was selected to ensure that the dosimeter
would not interfere with the phantom being imaged. The position also reduces
backscatter to the dosimeters from the image receptor. The very-high bias power supply
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was evaluated with the Mo/Mo target-filter combination at tube potentials of 24, 28, and
34 kVp using dosimeter models TN-1002 RDM and TN-1002 RD.
Dosimeter Linearity
Dosimeter linearity with exposure and exposure rate were evaluated at tube
potentials of 24 to 48 kVp at tube current-time product stations of 63-320 mAs to cover
the range used in clinical mammography. The dosimeters were exposed with the epoxy
side to the x-ray beam as previously described and as illustrated in figure 3-2. The targetfilter combinations evaluated were Mo/Mo (24, 28, 34 kVp), Mo/Rh (30, 34, 40 kVp),
and Rh/Rh (36, 40, 42, 48 kVp). Five exposures were made at each tube potential (kVp)
and tube current-time (mAs) station.
Dosimeter Reproducibility
Reproducibility was evaluated by exposing two dosimeters representing each
model type to 30 kVp, 100 mAs (3.72 x 10-4 C kg-1 (1.44 R)), Mo/Mo for 20 total
exposures. The dosimeters were exposed as shown in figure 3-2.
Results and Discussion
Dosimeter Angular Response
Angular response data are shown in figure 3-3 through figure 3-5 normalized to the
mean angular response of the dosimeters. The 0° orientation indicates that the epoxy
bubble side of the dosimeter is facing and perpendicular to the x-ray field. The angular
response for all dosimeter models show a marked decrease in sensitivity between the
angles of 120° and 150° and again between 190° and 220°. A similar decrease in
response was previously reported in the diagnostic energy range (70 kVp) using
dosimeter model TN-502 RDI by Roshau et al. and Gladstone et al. 72 The asymmetric
construction and aluminum components of the MOSFET dosimeter contribute to this
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observed variation in the angular dependence, although Roshau and Hintenlang reported
that the angular dependence was eliminated when the dosimeters were embedded in
tissue-equivalent material.72 In the proposed clinical application, mammography
dosimeters will monitor a free-in-air exposure normal to the x-ray beam, which will be
used to calculate the mean glandular dose. Since this is performed at 0o, the decreased
response for certain orientations does not impact the clinical application in
mammography.
Dosimeter Sensitivity
The sensitivity across the evaluated mammography energy range extended from
3.83 x 104 mV per C kg-1 for model TN-502RDS to 11.66 x 104 mV per C kg-1 for model
TN-1002RDS. The sensitivity as a function of tube potential (kVp) for each MOSFET
model is shown in Tables 3-1 through 3-5 and illustrated in figures 3-6 through 3-10.
The same vertical scale is used in these figures to facilitate inter-comparison of dosimeter
performance. All dosimeter models showed an energy dependence for the tube potentials
evaluated. The two models that showed the least energy dependence were TN-502RDS
and TN-1002RDI, which were originally marketed for radiotherapy applications. The
highest sensitivity dosimeter is the TN-1002RDS, and the least sensitive is TN-502RDS.
The TN-1002RDS was designed to be very sensitive to radiation for its application in
skin dosimetry, and very low-dose environments. The use of the very-high bias power
supply increases in the dosimeter sensitivity by 1.45 ± 0.04 for TN-1002RDM and TN1002RD dosimeters. The very-high bias power supply increases the dosimeter sensitivity
without having to change dosimeter models. The observed energy dependence of the
sensitivity response differs from that previously reported by Dong et al., who showed a
flat energy response.74 Dong et al. varied tube potentials from 25 to 30 kVp at 100 mAs,
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resulting in a variable exposure, while this study delivered a constant exposure by
varying the mAs for each tube potential.74

This methodology ensures the delivery of a

constant exposure in the sensitivity evaluation.67,71
Dosimeter Linearity
All dosimeter models showed a linear response to exposure for the tube potentials
and tube current-time stations evaluated as shown in figure 3-11 through figure 3-14.
This finding is consistent with previous investigations in the diagnostic and
mammography energy ranges. 67,74
Dosimeter Reproducibility
The reproducibility of the dosimeters varied with model, as shown in Table 3-6.
Reproducibility of a single dosimeter measurement ranged from 15.5% to 31.8%. In
addition to relative low reproducibility, MOSFET dosimeters would randomly not
provide a reading contrary to adjacent dosimeters. Improved accuracy therefore requires
the utilization of either multiple measurements or multiple dosimeters used for a single
exposure measurement in order to improve accuracy.
Conclusions
The overall performance of the MOSFET models evaluated in this study indicates
that they can be clinically applicable in the mammography energy range provided that the
conditions described below are adequately addressed.
The decreased angular response of the dosimeters when irradiated between 120°
and 150° and again between 190° and 220° in reference to the average angular response
would not significantly influence clinical mammography applications, which would most
likely radiate the dosimeter in a normal orientation.
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The energy dependence must be taken into account, as it will affect the measured
exposure. Energy dependent correction factors are required to accommodate the varying
clinical tube potentials.
The reproducibility is inadequate for a single dosimeter; however, it can be
improved by utilizing multiple dosimeters, which, facilitates identifying aberrant
dosimeter readings and statistical errors. Further improvement in reproducibility can be
made by reading the dosimeters at a constant time following exposure preferably within
20 seconds post-exposure.
The combination of the Micro MOSFET model TN-1002 RDS used in conjunction
with the high-sensitivity mode of the TN-RD-22 dual bias power supply, or MOSFET
model TN-1002RDM used in conjunction with the very-high dual bias power supply are
the pairs best-suited for clinical mammography due to their inherently-high sensitivity
responses. Thomson Nielsen MOSFET dosimeters may be used in the evaluation of
mammography dose, provided appropriate controls are exercised. A possible
measurement protocol would utilize five dosimeters integrated through a single bias
supply, placed as illustrated in figure 3-1, fixed to the underside of the compression
paddle and approximately one centimeter anterior to the anterior portion of the breast.
The dosimeters should be calibrated to the free-in-air exposure at the chest wall to
facilitate the calculation of average glandular dose. Under these conditions, MOSFET
dosimeters can provide a viable option as a real-time dosimeter in the mammography
energy range (22-50 kVp).
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Figure 3-1. (a) A schematic of the typical clinical orientation of the dosimeter to the x-ray
beam. (b) The schematic illustrates a P-channel MOSFET dosimeter
indicating internal composition and regions of interest.
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ionization chamber
Figure 3-2. The schematic illustrates the experimental setup used for the MOSFET dosimeter evaluations.
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Figure 3-3. The graph shows the angular response of the dosimeter model TN-502RDS
in the diagnostic and mammographic energy range. The angular-response ratio
was normalized, (mVi mV-10˚), to the zero-degree angular response of the
dosimeter. The dosimeter response at 0° corresponds to the dosimeter being
exposed epoxy bubble side normal to the x-ray beam.
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Figure 3-4. The graph shows the angular response of the dosimeter model TN-1002RD
in the diagnostic and mammographic energy range. The angular-response ratio
was normalized, (mVi mV-10˚), to the zero-degree angular response of the
dosimeter. The dosimeter response at 0° corresponds to the dosimeter being
exposed epoxy bubble side normal to the x-ray beam.
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Figure 3-5. The graph shows the angular response of the dosimeter model TN-1002RDM
in the diagnostic and mammographic energy range. The angular-response ratio
was normalized, (mVi mV-10˚), to the zero-degree angular response of the
dosimeter. The dosimeter response at 0° corresponds to the dosimeter being
exposed epoxy bubble side normal to the x-ray beam.
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Figure 3-6. The graph shows the sensitivity response in the mammographic energy
region of MOSFET dosimeter model TN-1002RDI used in conjunction with a
high sensitivity dual-bias power supply.
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Figure 3-7. The graph shows the sensitivity response in the mammographic energy
region of MOSFET dosimeter model TN-502RDS used in conjunction with a
high sensitivity dual-bias power supply.
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Figure 3-8. The graph shows the sensitivity response in the mammographic energy region
of MOSFET dosimeter model TN-1002RDS used in conjunction with a high
sensitivity dual-bias power supply used in conjunction with a high sensitivity
dual-bias power supply..
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Figure 3-9. The graph shows the sensitivity response in the mammographic energy
region of MOSFET dosimeter model TN-1002RDM used in conjunction with
a high and very-high sensitivity dual-bias power supply.
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Figure 3-10. The graph shows the sensitivity response in the mammographic energy
region of MOSFET dosimeter model TN-1002RD used in conjunction with a
high and very-high sensitivity dual-bias power supply.
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Figure 3-11. The graph shows the linearity of the dosimeter response in the
mammographic energy region of MOSFET dosimeter model TN-1002RDI,
(R2 > 0.98).
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Figure 3-12. The graph shows the linearity of the dosimeter response in the
mammographic energy region of MOSFET dosimeter model TN-502RDS, (R2
> 0.98).
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Figure 3-13. The graph shows the linearity of the dosimeter response in the
mammographic energy region of MOSFET dosimeter model TN-1002RD, (R2
> 0.98).
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Figure 3-14. The graph shows the linearity of the dosimeter response in the
mammographic energy region of MOSFET dosimeter model TN-1002RDM,
(R2 > 0.99).

Table 3-1. MOSFET dosimeters, model TN-1002 RDI, sensitivity conversion factors at
mammography energy range.
Tube
Target/Filter
TN-1002 RDI Sensitivity
-1
Potential
(mV kg C ) (mV kg C-1) (mV R-1)
(mV R-1)
(kVp)
x 104
(σ) x 104
(σ)
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo

4.17
4.52
4.99
4.96
5.21
5.41

0.38
0.27
0.44
0.31
0.48
0.31

10.75
11.65
12.88
12.80
13.45
13.95

0.97
0.70
1.13
0.79
1.23
0.79

30
32
34
36
38
40

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

5.63
5.41
6.07
5.90
5.92
5.91

0.37
0.24
0.30
0.31
0.29
0.34

14.52
13.96
15.66
15.22
15.27
15.26

0.97
0.63
0.77
0.80
0.74
0.87

36
38
40
42
44
46
48
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

6.88
7.03
7.44
7.14
7.56
7.38
7.57
6.06

0.31
0.37
0.30
0.35
0.25
0.25
0.36
0.08

17.75
18.14
19.20
18.42
19.51
19.04
19.53
15.63

0.79
0.95
0.78
0.91
0.65
0.64
0.94
0.20
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24
26
28
30
32
34

Table 3-2. MOSFET dosimeters, model TN-502 RDS, sensitivity conversion
factors at mammography energy range.
Tube
Target/Filter
TN-502 RDS Sensitivity
Potential
(mV kg C-1) (mV kg C-1 )
(mV R-1)
(mV R-1)
(kVp)
x 104
(σ) x 104
(σ)
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo

3.83
4.12
4.27
4.36
4.55
4.16

0.34
0.38
0.18
0.44
0.18
0.35

9.89
10.64
11.03
11.24
11.74
10.74

0.88
0.97
0.46
1.14
0.47
0.90

30
32
34
36
38
40

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

4.15
4.39
4.50
4.43
4.42
4.34

0.26
0.22
0.33
0.33
0.17
0.15

10.70
11.33
11.61
11.44
11.41
11.20

0.68
0.57
0.84
0.85
0.44
0.38

36
38
40
42
44
46
48
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

4.94
4.70
4.53
4.56
4.67
4.77
4.78
4.45

0.15
0.32
0.27
0.21
0.21
0.23
0.24
0.63

12.75
12.13
11.70
11.75
12.05
12.30
12.33
11.47

0.39
0.84
0.69
0.54
0.54
0.59
0.61
0.16
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Table 3-3. MOSFET dosimeters, model TN-1002 RDS, sensitivity conversion factors
at mammography energy range.
Tube
Target/Filter TN-1002 RDS Sensitivity
Potential
(mV kg C-1) (mV kg C-1) (mV R-1)
(mV R-1)
(kVp)
x 104
(σ) x 104
(σ)
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo

10.68
10.23
11.62
11.35
10.38
11.26

1.17
1.22
1.50
1.27
0.49
1.39

27.55
26.38
29.99
29.29
26.77
29.04

3.01
3.16
3.87
3.28
1.29
3.59

30
32
34
36
38
40
Average

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

11.58
11.66
11.49
11.66
10.56
11.60
11.20

1.48
1.08
1.41
1.12
1.34
1.51
0.37

29.88
30.09
29.64
30.08
27.23
29.93
28.82

3.82
2.78
3.63
2.89
3.46
3.90
0.95
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Table 3-4. MOSFET dosimeters, model TN-1002 RDM, sensitivity conversion factors at
mammography energy range.
Target/Filter

TN-1002 RDM Sensitivity
(mV kg C-1) (mV kg C-1 )
x 104
(σ) x 104

(mV R-1)

(mV R-1)
(σ)

24
26
28
30
32
34

Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo
Mo/Mo

8.16
8.38
8.60
7.70
9.30
8.55

0.58
0.95
0.26
1.80
0.95
0.50

21.06
21.63
22.19
19.85
23.99
22.07

1.51
2.44
0.66
4.65
2.46
1.30

30
32
34
36
38
40

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

8.81
8.98
9.40
9.76
8.99
9.31

0.59
1.04
0.59
0.38
0.34
0.89

22.72
23.17
24.26
25.19
23.18
24.02

1.52
2.68
1.52
0.98
0.88
2.30

36
38
40
42
44
46
48
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

10.50
10.40
10.60
10.70
10.00
11.60
10.60
9.49

0.44
1.17
1.00
0.43
0.49
0.61
0.59
0.18

26.98
26.83
27.35
27.56
25.91
30.02
27.32
24.49

1.14
3.02
2.59
1.10
1.26
1.57
1.51
0.48
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Tube
Potential
(kVp)

Table 3-5. MOSFET dosimeters, model TN-1002 RD, sensitivity conversion factors at
mammography energy range.
Tube Potential Target/Filter
TN-1002 RD Sensitivity
(kVp)
(mV kg C-1) (mV kg C-1)
(mV R-1)
(mV R-1)
4
4
x 10
(σ) x 10
(σ)
Mo/Mo
Mo/Mo
Mo/Mo

4.09
4.77
5.12

0.96
1.05
0.80

10.56
12.32
13.22

2.48
2.72
2.08

30
34
38

Mo/Rh
Mo/Rh
Mo/Rh

5.80
6.20
6.27

0.98
0.20
0.24

14.95
16.00
16.19

2.54
0.51
0.61

36
42
48
Average

Rh/Rh
Rh/Rh
Rh/Rh

6.61
7.10
7.42
5.93

0.65
0.32
0.34
0.23

17.07
18.33
19.15
15.31

1.67
0.82
0.87
0.60
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24
28
34
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Table 3-6. Reproducibility of MOSFET
dosimeters.
Dosimeter Model
Reproducibility
TN-502 RDS
15.5%
TN-1002 RD
27.7%
TN-1002 RDM
28.8%
TN-1002 RDI
31.8%

CHAPTER 4
CHARACTERIZATION OF FIBER-OPTIC-COUPLED DETECTOR FOR
DOSIMETRY IN CLINICAL MAMMOGRAPHY
Introduction
In vivo dosimetry has been the most direct way to monitor, document, improve
quality control and provide safeguards against excessive exposures for patients
undergoing an external beam radiation therapy.89 In vivo dosimetry in diagnostic
examination can also bring the same benefits provided to radiation therapy. Documented
doses can provide vital information for risk analysis by the physician, as recommended
by the 2005 recommendations by the International Commission on Radiological
Protection (ICRP).86 Ideally, the risk analysis should use a risk model that is derived from
the cancer incidence of a large population that has been exposed to similar diagnostic xray procedures.
In 2004, an article by Gonzalez and Darby came under scrutiny because the authors
based their risk of cancer from diagnostic x-rays imaging on a linear-no threshold risk
model that was based on the Japanese atomic bomb survivors.90-93 At the core of the
discussions was the lack of sufficient data at the low-dose region to predict cancer risks
accurately. Diagnostic x-ray examination overwhelmingly save lives, but the direct
evidence for their potential detriment is lacking. Current data shows that an individual is
likely to receive nearly one x-ray image per year (962/1000 people) in the United States.
90

Worldwide, the number of annual diagnostic x-ray images per 1000 people ranged

from 565 to 1477 for the fourteen countries reviewed by Gonzalez and Darby.90 The

86
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recent concerns with patient doses in interventional radiology, whole body CT and
pediatric CT indicate that there is need to at least document dose received by patients
during these procedures.94-96 The documentation of patient-specific doses is the first step
in providing a comprehensive database that would provide the direct evidence needed to
evaluate the risk associated with diagnostic x-rays imaging.
A likely population candidate for the study of patient doses is the screening
mammography population. According to the US Census Bureau, there are approximately
69 million women over the age of 40 of which 62.6% or approximately 43 million
women, have had a recent mammogram5 according to the 2000 Behavioral Risk Factor
Surveillance System. Screening mammography is a large population of healthy
individuals that have recurring exposures to ionizing radiation, representing an excellent
opportunity to evaluate the risk of diagnostic x-ray imaging. Using Land's estimates for
case-control study size, a population of at least 10 million would be needed to provide
sufficient data to access the risk associated with low dose exposure( ≤10 mGy).97
Approximately one fourth of the current screening mammography population would be
sufficient, using Land's estimation, to provide sufficient data to put to rest the risk
associated with low dose exposures. It is not that the risk-benefit analysis for using
mammography is in question because screening mammography has been responsible for
reducing breast cancer fatalities. Small studies have been conducted to document patient
doses, but there is very little direct evidence in large population studies as the risk of
radiation-induced cancers.98,99 A contributing factor for not documenting patient doses in
the United States is that unit output is regulated, as opposed to patient doses being
monitored. The Food and Drug Administration regulates design parameters and
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equipment manufactures. However in mammography, the Mammography Quality
Standards Act (MQSA) requires an annual check to verify that each facility performing
mammography have its dedicated mammographic units deliver less than to 3.0 mGy (300
mrad) dose for a standardized acrylic phantom with imbedded test objects, specified by
the American College of Radiology.12,100 Another compelling reason to document patient
doses is that new imaging modalities, such as breast computed tomography, digital
mammography, and breast tomosynthesis, which have all been designed to deliver
reduced doses. However, patient-specific doses from these technologies in a clinical
setting are still needed to verify their design premise.
Technology until recently has not been able to provide the tools to measure
individual patient doses without interfering with the diagnostic examination procedure.
Today, there are several dosimeters that have been or are about to be marketed that may
provide an opportunity for in vivo individual dosimetry without a large impact on the use
of diagnostic modalities. One such system is the metal oxide semiconductor field-effect
transistors (MOSFET) dosimeter that based on the quantification of radiation damage to
transistors.67,71,74 Another approach that is well-suited for in vivo point dosimetry
involves the use of optical fiber coupled sensors. There are several different types of
optical fiber dosimeters that differ primarily in the radiation sensitivity element that is
used. These include, for example, scintillating plastic fiber, carbon-doped aluminium
oxide, ruby spheres, and copper-doped quartz. The carbon-doped aluminum oxide
(Al2O3:C) dosimeter is based on measuring the prompt radioluminescence (RL) and
optical stimulated luminescence (OSL) resulting from an ionizing radiation exposure to
quantify the dose imparted.101,102 The sensitivity of the Al2O3:C device, 0.48 mm in
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diameter and 2 mm length, is dependent on the optical coupling and manufacturing of the
Al2O3:C crystal.101 Aznar et al. showed in mammography that the Al2O3:C device had a
18% energy dependence between 23 and 35 kVp for a molybdenum (Mo) target and a
Mo filtered mammography unit.
In this paper, we will characterize a prototype copper-doped fused quartz, fiberoptic-coupled dosimeters (FOCD) is evaluated for use in clinical mammography. We
characterize the calibration factors, linearity, angular dependence, and reproducibility of
the FOC dosimeters and readout module were developed and manufactured by Naval
Research Laboratory, utilizing techniques described by Bower and Hintenlang.67 The
proprietary distribution of this technology is available through Global Dosimetry
Solutions Incorporated6). The theory of operation of the FOC dosimeter has been
previously discussed in several papers and will only be summarized in this paper.77,103
A variety of materials produce luminescence immediately or when stimulated with
heat (thermoluminescence), or stimulated with visible light (OSL) following exposure to
ionizing radiation. The fiber-optic-coupled (FOC) detector is a copper doped fused
quartz, SiO2:Cu, dosimeter which has a RL signal that is large enough to permit use as a
dosimeter. After being exposed to ionizing radiation, Cu+1 ions are raised to an excited
state, which de-excite by a 150 µsec RL. A desirable characteristic of this material is that
it is fully compatible with fiber optic transmission of the RL signal. The detector can be
fused directly to the optic fiber without a visible boundary in radiographs.

6

Global Solutions Incorporation, Irvine, CA 92614
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Materials and Methods
Fiber-Optic-Coupled Dosimeters (FOCD)
The current study characterized fiber-optic-coupled dosimeters spanning four
copper-doped quartz detector sizes, Table 4-1. The dosimeters are described by the
detector size to facilitate discussion. Each fiber optical dosimeter was enclosed in an
opaque protective coating that prevents light penetration. The dosimeters were used in
conjunction with a photomultiplier module (Hamamatsu model HC135-11) 7), and power
supply module (Acopian model 5EB100)8) as shown in figure 4-1. Acquisition data were
transferred via a RS-232 computer cable to a laptop computer. The dosimeter acquisition
data were evaluated using a LabVIEW®9) program. The computer program module is
illustrated in figure 4-2, which provided a display of high voltage status, communication
port selection, integration time (10 msec - 1 sec), total counts, total duration, background
counts, and average count rate. Total counts were an integration of the peak counts after
subtracting the integrated background counts. FOC dosimeters background count rate
has contributions from several sources, including PMT dark counts that represent mostly
thermal emission of electrons from the photocathode, room light that penetrates through
small openings in the fiberoptic connectors and residual traps released from the Cu+1doped quartz due to previous radiation exposures. The background count levels are very
constant over periods that are long compared to the diagnostic procedure and are
accounted for by the software by recording a baseline prior to accumulating exposure
data.
7

Hamamatsu Corporation, Bridgewater, NJ 08807

8

Acopian, Easton, PA 18044

9

National Instruments Corporation, Austin, TX 78759-3504
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X-Ray Field
A General Electric Senographe-DMR10) mammography x-ray unit provided the
mammography x-ray field used throughout the experiments. The Senographe-DMR uses
a high-frequency generator and an x-ray tube with a dual bi-metal track target of
molybdenum (Mo) and rhodium (Rh). The x-ray output was filtered using Rh or Mo
filters. Tube potentials used for the characterization were incremented in two kVp
increments over 25-31 kVp in each target-filter combination: Mo/Mo, Mo/Rh and
Rh/Rh. The tube current-time product stations used were within the typical clinical
practice. The unit had a fixed source-to-image receptor distance of 660 mm.
Exposure Measurement
The ionization chamber used for reference exposures and dosimeter calibration was
a Victoreen NERO®11) mAx model 8000 radiation monitor with a model 6000-529
mammography ion chamber. The mammography ionization chamber has a metal-coated
polycarbonate window with a thickness of 9.5 mg cm-2 and an active volume of 3.3 cm3.
Dosimeter Reproducibility
Reproducibility was evaluated by exposing the 1.9, 1.6 and 1.1 mm dosimeters to
30 kVp, 100 mAs (3.72 x 10-4 C kg-1 (1.44 R)), Mo/Mo for 10 total exposures. The 4.0
mm dosimeter was exposed to 28 kVp, 100 mAs (1.21R) for 10 total exposures. The
dosimeters were exposed as shown in figure 4-4.

10

General Electric Medical Systems, 3135 Easton Turnpike, Fairfield, CT 06431

11

Inovision Radiation Measurements, 6045 Cochran Road, Cleveland, OH 44139-3303
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Dosimeter Angular Response
The dosimeter axial-angular evaluation was performed by rotating the dosimeter
about its cable axis free-in-air, perpendicular to the x-ray beam, figure 4-3a. The
dosimeter normal-to-axis-angular evaluation was performed by rotating the dosimeter
parallel to its cable axis, figure 4-3b. The axial and normal-to-axis evaluations of the 1.1,
1.6, 1.9 and 4.0 mm dosimeters were performed using a Mo/Mo, 28 kVp, 71 mAs to
accumulate an exposure of approximately 1R. The 4.0 mm dosimeter was exposed to 26
kVp, 28 mAs, to accumulate an exposure of approximately 340 mR, to avoid
overwhelming the PMT circuitry. The dosimeters were rotated 360° axial and normal-toaxis as indicated in figures 4-5 through figure 4-16. The angular response was evaluated
to determine the working angular range of the dosimeters for clinical applications. In the
present clinical application, the dosimeters are exposed in a fixed axial orientation.
However, investigators might wish to use dosimeters in other axial or normal-to-axis
configurations. The reported values were an average of three exposures taken at the
indicated angular increment.
Dosimeter Sensitivity
The dosimeter sensitivities were evaluated over the x-ray energies of 25 to 31 kVp
to evaluate the energy response across the mammography energy range. The dosimeters
were fixed to the underside of the compression paddle approximately one centimeter
from the face of the ACR phantom as illustrated in figure 4-4. The target-filter
combinations evaluated were Mo/Mo, Mo/Rh, and Rh/Rh. Three (700mR) exposures
were made at each tube-potential energy setting. The total exposure was kept constant
for different tube potentials by adjusting the tube current-time product (mAs). The
reported values were an average of three exposures.
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The primary use of the dosimeter during clinical imaging is to determine the freein-air exposure to determine the patient glandular dose for an individual. Therefore, the
dosimeter position was selected to ensure that the dosimeter would not interfere with the
anatomical features being imaged.
Dosimeter Linearity
Dosimeter linearity was evaluated at tube potentials of 25, 27, 29 and 31 kVp at
tube current-time product stations of 40, 90 and 140 mAs within the clinical range. The
target-filter combinations evaluated were Mo/Mo, Mo/Rh, and Rh/Rh. The dosimeters
were exposed as previously described and as illustrated in figure 4-4. The reported
values were the average of three exposures taken at each tube potential (kVp) and tube
current-time (mAs) station.
Results and Discussion
Dosimeter Angular Response
The axial-angular responses are shown in figure 4-5 through figure 4-8 and were
normalized to the dosimeter response at zero degrees. The axial-angular responses for all
dosimeter models show nearly uniform response without any marked decrease in
sensitivity. However, the normal-axis-angular response showed a marked decrease in
sensitivity about 0° and 180°, as shown in figure 4-9 through figure 4-16. The decrease
in angular response appears to be a result of the photon attenuation in the dosimeter and
cross-sectional volume to the low energy beam, the cylindrical construction of the
dosimeter and fiber optic cable fusion to the dosimeter. In the proposed clinical
application, mammography dosimeters are utilized free-in-air and axial to the x-ray
beam, thereby eliminating the variations shown in the normal-to-axis response.
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Dosimeter Sensitivity
The sensitivities of the dosimeters are shown in Table 4-2 through Table 4-5, and
figure 4-17 through figure 4-20 showed energy dependence. The sensitivity as a function
of tube potential increased in Mo/Mo and Rh/Rh exposed dosimeters by 4 to 7% and by
2.1 to 2.2 % for dosimeter exposed to Mo/Rh. Overall, the order of sensitivity from
highest to lowest was 4.0, 1.9, 1.6, and 1.1 mm dosimeters. The dosimeter model
average sensitivity as a function of detector volume demonstrated a linear response
( Sensitivity = 1.45 × 10 8 ⋅ Volume + 4.70 × 10 8 , and R2 = 95 %) shown in figure 4-21.
Dosimeter Linearity
All dosimeter models showed a linear response (R2 ≥ 0.997) to exposure for all
target-filter combinations, tube potentials and tube current-time product stations
evaluated, as shown in figure 4-22 through figure 4-25. The linear response is consistent
with previous investigations in radiotherapy.77,103
Dosimeter Reproducibility
The dosimeter sensitivity varied according to the active length of the sensor
material, but all were within 2%, as shown in Table 4-6. The reproducibility was
consistent with previous investigations in the radiotherapy energy range.104
Conclusions
The overall performance of the FOC dosimeters evaluated in this study indicated
that they provide a reasonable response at exposures and energies characteristic of
clinical mammography. The FOC dosimeter had a very uniform axial-angular response.
The normal-to-axis angular response showed a marked decrease near 0° and 180°,
corresponding to the fiber-optic coupling region and the reduced cross-sectional
interaction area. The mammography application, however, would utilize the dosimeters
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in an axial position; therefore the normal-to-axis response should not be of concern for
this, or for most dosimetry applications in planar imaging. The FOC dosimeter
demonstrated reproducibility within 2%, and was linear for all target-filter combinations.
The dosimeter sensitivity as a function of tube potential had an average increase of 4.72 ±
2.04% for dosimeter models and target-filter combinations tested. The energy
dependence at each target-filter combination affects the final dosimetry measurement and
must be taken into account for accuracy. The 4.0 mm dosimeter was found to be the best
suited for mammography applications, because it provides the largest volume of
interaction sites (electron and hole traps).
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Figure 4-1 The schematic illustrates the fiber-optic-coupled dosimeter system for dosimeter evaluations.
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Figure 4-2 The fiber-optic-coupled dosimeter computer interface software display.
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Figure 4-3. (a) A schematic illustrates the axial-angular evaluation geometry. (b) A schematic illustrates the normal-to-axis evaluation
geometry.
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Figure 4-4. (A) The schematic illustrates the experimental setup used for FOC dosimeter evaluations. (B) The schematic illustrates the
clinical setup of the FOCD. The FOCD would be fixed to the underside of the compression paddle without interfering with
the diagnostic image.
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Figure 4-5. The graph shows the axial-angular response of the 4.0 mm dosimeter model
using a 26 kVp, Mo/Mo spectrum at 28 mAs. The angular-response ratio was
normalized to zero-degree angular response (counts counts-10˚) of the
dosimeter.
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Figure 4-6. The graph shows the axial-angular response of the 1.9 mm dosimeter model
using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angular-response ratio was
normalized to zero-degree angular response (counts counts-10˚) of the
dosimeter.
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Figure 4-7. The graph shows the axial-angular response of the 1.6 mm dosimeter model
using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angular-response ratio was
normalized to zero-degree angular response (counts counts-10˚) of the
dosimeter.
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Figure 4-8. The graph shows the axial-angular response of the 1.1 mm dosimeter model
using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angular-response ratio was
normalized to zero-degree angular response (counts counts-10˚) of the
dosimeter.
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Figure 4-9. The polar-plot graph shows the normal-to-axis angular response of the 4.0
mm dosimeter model using a 26 kVp, Mo/Mo spectrum at 28 mAs. The
angular-response ratio was normalized to zero-degree angular response
(counts counts-10˚) of the dosimeter.
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Figure 4-10. The polar-plot graph shows the normal-to-axis angular response of the 1.9
mm dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The
angular-response ratio was normalized to zero-degree angular response
(counts counts-10˚) of the dosimeter.
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Figure 4-11. The polar-plot graph shows the normal-to-axis angular response of the 1.6
mm dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The
angular-response ratio was normalized to zero-degree angular response
(counts counts-10˚) of the dosimeter.
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Figure 4-12. The polar-plot graph shows the normal-to-axis angular response of the 1.1
mm dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The
angular-response ratio was normalized to zero-degree angular response
(counts counts-10˚) of the dosimeter.
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Figure 4-13. The graph shows the normal-to-axis angular response of the 4.0 mm
dosimeter model using a 26 kVp, Mo/Mo spectrum at 28 mAs. The angularresponse ratio was normalized to zero-degree angular response (counts counts1
0˚) of the dosimeter.
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Figure 4-14. The graph shows the normal-to-axis angular response of the 1.9 mm
dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angularresponse ratio was normalized to zero-degree angular response (counts counts1
0˚) of the dosimeter.
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Figure 4-15. The graph shows the normal-to-axis angular response of the 1.6 mm
dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angularresponse ratio was normalized to zero-degree angular response (counts counts1
0˚) of the dosimeter.
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Figure 4-16. The graph shows the normal-to-axis angular response of the 1.1 mm
dosimeter model using a 28 kVp, Mo/Mo spectrum at 71 mAs. The angularresponse ratio was normalized to zero-degree angular response (counts counts1
0˚) of the dosimeter.
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Figure 4-17. The graph shows the sensitivity response of the 4.0 mm dosimeter model.
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Figure 4-18 The graph shows the sensitivity response of the 1.9 mm dosimeter model.
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Figure 4-19. The graph shows the sensitivity response of the 1.6 mm dosimeter model.

115

14

Sensitivity (108counts kg C-1)

12

10

8

6

4

Mo/Mo
Mo/Rh
Rh/Rh

2
24

25

26

27

28

29

30

31

32

Tube Potential (kVp)

Figure 4-20. The graph shows the sensitivity response of the 1.1 mm dosimeter model .
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Figure 4-21. The graph shows the mean sensitivity response plotted as a function of
dosimeter volume.
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Figure 4-22. The graph shows the linearity of the dosimeter response of the 4.0 mm
dosimeter model.
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Figure 4-23. The graph shows the linearity of the dosimeter response of the 1.9 mm
dosimeter model .
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Figure 4-24. The graph shows the linearity of the dosimeter response of the 1.6 mm
dosimeter model.

120

3.5e+5

Mo/Mo, 25 kVp
Mo/Mo, 27 kVp
Mo/Mo, 29 kVp
Mo/Rh, 25 kVp
Mo/Rh, 27 kVp
Mo/Rh, 29 kVp
Mo/Rh, 31 kVp
Rh/Rh, 25 kVp
Rh/Rh, 27 kVp
Rh/Rh, 29 kVp
Rh/Rh, 31 kVp

Dosimeter Response (counts)

3.0e+5
2.5e+5
2.0e+5
1.5e+5
1.0e+5
5.0e+4
0.0
20

40

60

80

100

120

140

160

Tube Current Time Product (mAs)

Figure 4-25. The graph shows the linearity of the dosimeter response of the 1.1 mm
dosimeter model.
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Table 4-1. Fiber-optic-coupled dosimeter
sizes.
Dosimeter
Length
(mm)
± 0.2
4.0
1.9
1.6
1.1

Dosimeter DosimeterDiameter fiber optic
(µm)
fiber length
(m)
400
1.0
400
1.0
400
1.0
400
1.0

Table 4-2. FOC dosimeter, 1.1 mm model, sensitivity conversion factors over the mammography
energy range. Average values were used to compare sensitivity response of dosimeter models.
Tube
Target/Filter Sensitivity
potential
(counts kg C-1) (counts kg C-1) (counts mR-1) (counts mR-1)
(kVp)
x108
(σ) x108
(σ)
-3
25
Mo/Mo
5.41
2.67 x 10
139.62
0.69
27
Mo/Mo
5.42
2.18 x 10-3
139.82
5.62
-3
142.25
6.20
29
Mo/Mo
5.51
2.40 x 10
31
Mo/Mo
5.77
5.74 x 10-3
148.78
1.48
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

6.07
6.10
6.16
6.20

3.66 x105
3.24 x 10-3
6.09 x 10-3
7.01 x 10-3

156.65
157.28
158.87
159.92

0.09
0.84
1.57
1.81

25
27
29
31
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

6.33
6.50
6.65
6.77
6.07

4.15 x 10-3
7.38 x 10-3
1.85 x 10-3
8.87 x 10-3
7.50 x 10-3

163.26
167.70
171.49
174.69
156.69

1.07
1.90
0.48
2.29
0.79
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Table 4-3. FOC dosimeter, 4.0 mm model, sensitivity conversion factors at mammography
energy range. The PMT failed to provide a response at 31-kVp Mo/Mo spectrum. Average
values were used to compare sensitivity response of dosimeter models.
Tube
Target/Filter
Sensitivity
potential
(counts kg C-1) (counts kg C-1)
(counts mR-1) (counts mR-1)
8
8
(kVp)
x10
(σ) x10
(σ)
25
Mo/Mo
10.41
0.06
268.66
1.60
27
Mo/Mo
10.68
0.05
275.53
1.37
29
Mo/Mo
10.80
0.001
278.62
3.58
31
Mo/Mo
NM
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

11.58
11.77
11.96
11.85

0.02
0.001
0.02
0.05

298.94
303.76
308.48
305.65

0.60
3.97
4.77
1.33

25
27
29
31
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

12.27
12.55
12.87
12.97
11.79

0.08
0.08
0.08
0.09
0.03

316.68
323.80
332.00
334.50
304.24

2.13
2.01
2.06
2.45
0.80
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Table 4-4. FOC 1.9 mm dosimeter model sensitivity conversion factors at mammography energy
range. Average values were used to compare sensitivity response of dosimeter models.
Tube
Target/Filter
"Red" Sensitivity
potential
(counts kg C-1) (counts kg C-1) (counts mR-1)
(counts mR-1)
(kVp)
x108
(σ) x108
(σ)
25
Mo/Mo
7.75
0.04
199.88
0.92
27
Mo/Mo
8.00
0.01
206.27
0.29
29
Mo/Mo
8.06
0.08
207.96
1.98
31
Mo/Mo
8.15
0.04
210.37
1.09
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

8.68
8.77
8.95
8.90

0.01
0.09
0.05
0.001

224.06
226.38
230.96
229.72

0.35
0.22
1.24
2.73

25
27
29
31
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

9.18
9.37
9.52
9.72
8.75

0.10
0.04
0.04
0.09
0.03

236.79
241.73
245.60
250.68
225.87

2.56
1.03
1.15
2.25
0.45
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Table 4-5. FOC dosimeter, 1.6 mm model, sensitivity conversion factors at mammography energy range. Average
values were used to compare sensitivity response of dosimeter models.
Tube
Target/Filter Sensitivity
potential
(counts kg C-1) (counts kg C-1) (counts mR-1) (counts mR-1)
(kVp)
x108
(σ) x108
(σ)
25
Mo/Mo
6.94
0.05
178.95
1.30
27
Mo/Mo
7.08
0.10
182.56
0.25
29
Mo/Mo
7.31
0.03
188.72
0.86
31
Mo/Mo
7.45
0.03
192.31
0.93
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

7.87
7.94
8.06
8.03

0.05
0.07
0.10
0.05

203.07
204.85
207.98
207.05

1.19
1.81
2.46
1.20

25
27
29
31
Average

Rh/Rh
Rh/Rh
Rh/Rh
Rh/Rh

8.22
8.39
8.63
8.73
7.89

0.03
0.03
0.07
0.05
0.02

212.04
216.43
222.76
225.32
203.50

0.68
0.83
1.69
1.26
0.38
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27
29
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Table 4-6. Reproducibility of FOC
dosimeters.
Dosimeter Model Reproducibility
1.9 mm
0.99%
1.1 mm
0.98%
1.6 mm
0.34%
4.0 mm
1.98%

CHAPTER 5
A BREAST TISSUE EQUIVALENT PHANTOM SERIES FOR USE IN CLINICAL
MAMMOGRAPHY
Introduction
Since their introduction in 1906 by Kienböch, phantoms have played a vital role in
diagnostic radiology, radiation dosimetry, calibration and image assessment.64 In
mammography, phantoms have been an integral part of the quality assurance, image
quality and radiation dosimetry evaluations required by the Mammography Quality
Standards Act of 1992 (MQSA). The most commonly used Food and Drug
Administration (FDA) approved phantom is the phantom described by the American
College of Radiology (ACR).12 The phantom design is a modification of the Wisconsin
Mammographic Phantom (Random Phantom) developed at the University of
Wisconsin.105 Today's ACR phantom is used to evaluate quality assurance, image quality
and to provide a standardized measure of the average glandular dose (AGD). The AGD
measured using the ACR phantom is a benchmark dose to monitor the x-ray output of a
mammographic unit for inter-comparison among mammography units and
mammography facilities to verify regulatory compliance with the dose limit.
The AGD measured using the ACR phantom was developed to represent the
average glandular dose received by an average compressed breast (4.5 cm) composed of
50% fibroglandular (glandular) and 50% adipose tissue when it is imaged with the
automatic exposure control system of a mammography unit. The ACR phantom is
composed of a 3.4 cm base of acrylic, a 0.7-cm thick paraffin insert (surrounded by
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acrylic on the sides) containing image quality test objects and a cover of acrylic (0.4 cm),
as shown in figure 5-1. The ACR phantom is not representative of the screening
mammography population as shown by several studies.29,33,50,58,59,81 Several worldwide
studies have shown that the average breast ranges from 4.5 to 5.2 cm compressed
thickness with a glandularity range of 26-41% glandular tissue.29,33,50,58,59 The lateral
dimensions of the average breast have not been extensively studied, but a small study by
Fife showed that the average breast was approximately 8.1 ± 2.1 cm in the dimension of
the posterior-nipple line (PNL), 18 ± 2.4 cm in width and 5.2 ± 1.1 cm in thickness in a
craniocaudal (CC) view mammogram.63 Breast PNL is the perpendicular distance from
the chest wall to the nipple and the breast width is the distance from the axilla medially to
the sternum in a CC view mammogram.
Given the complex nature of breast tissue one must also consider the elemental
composition and the effects of aging on breast tissues. The effect of age on glandular
content was demonstrated by Prechtel when he showed that the adipose content increases
and the glandular content decreases as an individual woman ages.106 The elemental
composition of breast tissue has also been studied by several authors, the results of which
were compiled into the International Commission on Radiological Units and
Measurements (ICRU) Publication 46, shown in table 2-4.28,107,108
Population studies of tissue compositions have resulted in the formulation of tissueequivalent phantoms that approximate the elemental composition, mass density, and
radiological properties of the target tissue to provide estimates of patient dose. In
mammography, the radiological properties of breast tissue can best be approximated by
the percent weight content of the glandular and adipose component tissues of the breast.
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In 1977, White developed a widely-used epoxy resin-based tissue substitute that
mimicked 50% glandular breast tissue (BR 12) in mass density and radiological
interactions of the 0.01 to 100 MeV energy range.51 White stated that he decided to use a
50% glandular tissue content because "Due to the lack of reliable data on the chemical
composition of this tissue, an 'average breast tissue' of 50% fat and 50% water by weight
was accepted".51 BR 12 is often used to determine patient doses; however, it does not
reflect the distribution characteristics of the mammography screening patient population.
Another popular tissue-equivalent phantom is the CIRS12 tissue-equivalent
phantom (model 011A) for mammography, for which the manufacturing method and
phantom design was based on the work of Fatouros and Skubic.109-111 The CIRS
phantom is realistically shaped (12.5 cm length and 18.5 cm width), composed of
Hammerstein's composition of 50% glandular tissue, with a variety of image quality
objects and a varying glandularity step wedge.28,112 Here too, the CIRS phantom is
lacking the target population characteristics in size and glandularity to be used effectively
for patient dose calculations. On the other hand, the breast tissue-equivalent series
(BRTES) developed at the University of Florida by Argo et al. was developed to mimic
glandular tissue content from 20 to 70% and was intended to be fabricated into breast
sizes that mimic a realistic size distribution of the target population.113
In this study, a BRTES phantom series was developed to represent, not only breast
tissue elemental composition, mass density, and radiological interactions coefficients, but
also the scattering characteristics related to the compressed breast thickness, PNL, and
width. In addition, we modified the epoxy-resin components and manufacturing
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techniques of Argo et al. was modified in order to improve the radiographic homogeneity
of the phantoms.
Materials and Methods
Phantom Manufacturing
As in the BRTES phantom, breast-tissue equivalent modified series (BRTESMOD) homogeneous phantoms were developed using an epoxy-resin matrix, constructed
to represent a range of glandularities and compressed breast thicknesses described by
Geise and Palchevsky, figure 5-2. The components added to the epoxy resin mixture
were selected to modify the properties of the phantom to match those of breast tissues.
The epoxy-resin hardener matrix will undergo a polymerization reaction during the
curing process resulting in a hardened plastic phantom. The BRTES-MOD curedphantom elemental composition was assumed to be equivalent to the epoxy-resin matrix
components. The components are nonvolatile, and form a highly viscous liquid which has
the same mass before and after the curing process.113 Independent elemental analysis has
not been identified because of the physical properties and the high hydrogen content of
the epoxy-resin components. Selection criteria for the epoxy-resin matrix components
were based upon their elemental composition, commercial availability, long-term
stability and ease of use.
The final epoxy-resin matrix mixture closely matched the elemental composition,
the mass attenuation (µ/ρ), mass-energy absorption (µen/ρ) coefficients, and the mass
density (ρ) of breast tissue over the mammography energy range (10 -50 keV). XCOM
Version 3.1, a software package available from the National Institute of Standards and
Technology (NIST), was used to match the total mass attenuation coefficients between
BRTES-MOD and breast tissues with compositions described in ICRU Report 44
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(ICRU-44) and mean values in ICRU Report 46 (ICRU-46) for glandular and adipose
tissues.84,107,114 The percent weights of the component materials were adjusted to
minimize the differences (within 3%) in elemental composition, µ/ρ and ρ between
BRTES-MOD and the ICRU-46 using a reference energy of 25 keV. The selection of 25
keV was based on the primary photon interactions of photoelectric effect, incoherent
(Compton) scattering and coherent (Raleigh) scattering. The dominance of an interaction
is directly dependent on the photon energy, as demonstrated in figure 5-3. The dominant
interaction between 0-25 keV is the photoelectric effect while Compton scattering
dominates above 25 keV. Raleigh scattering is never dominant and contributes to less
than 12% of interactions for the entire energy range examined. Selecting the 25 keV
reference energy ensured that the coefficients would not be biased toward a dominant
interaction without having to evaluate the entire energy spectrum.
The Bragg rule or "mixture rule"was used to proportion the mass-fractions (w) of
the epoxy-resin matrix elemental components determine the resulting total massattenuation coefficient (µ ρ-1) , equation 5-1, or total mass-energy attenuation coefficient
(µen ρ-1), equation 5-2.115,116
⎛µ⎞
⎛µ⎞
⎛µ⎞
⎛µ⎞
⎜⎜ ⎟⎟ = ⎜⎜ ⎟⎟ ⋅ w A + ⎜⎜ ⎟⎟ ⋅ wB + .... + ⎜⎜ ⎟⎟ ⋅ wi
⎝ ρ ⎠i
⎝ ρ ⎠B
⎝ ρ ⎠ mix ⎝ ρ ⎠ A
⎛ µ en
⎜⎜
⎝ ρ

⎞ ⎛ µ en
⎟⎟ = ⎜⎜
⎠ ⎝ ρ

⎛µ
⎞
⎟⎟ ⋅ w A + ⎜⎜ en
⎝ ρ
⎠A

⎛µ
⎞
⎟⎟ ⋅ wB + .... + ⎜⎜ en
⎝ ρ
⎠B

(5-1)

⎞
⎟⎟ ⋅ wi
⎠
(5-2)

The percent glandularity of referenced tissues were determined by the weighted
fractions of 100% adipose and 100% glandular elemental compositions listed in ICRU46. The BRTES-MOD phantom series tissues were the mass-weighted fractions of the
elemental composition of the epoxy-resin matrix components. The target mass-density
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was estimated from the densities listed for 100% adipose and 100% glandular elemental
compositions in ICRU Report 46.
The commercial sources for phantom components are listed in table 5-1.The
component weight fraction for each glandularity is listed in table 5-2. The BRTES
components used by Argo et al. were modified by replacing the original microspheres
used with thermoplastic microspheres.113 This change in microspheres was made to
improve the radiographic homogeneity of the mammographic image of the phantom. The
epoxy-resin matrix component recipe was developed to minimize the differences between
the mass attenuation coefficient of the BRTES-MOD and tissue compositions as
delineated in ICRU-46. Once the percent-weight component mixture was determined,
table 5-2, a series of five test samples (100 ml) was made with variations in the percentweight of the microspheres to evaluate the cured epoxy-resin matrix mass density. The
variation in microspheres content did not adversely affect the radiological characteristics
of the final cured material but did affect the final mass density. The percent weight of the
microspheres corresponding to the desired percentage was selected, and the final epoxyresin matrix mixture was ready for manufacturing.
The epoxy-resin matrix components for each selected glandularity of BRTESMOD composition were accurately weighed (± 0.01 gm) and combined in the following
order: Araldite (epoxy-resin), polyethelene powder, microspheres, MgO, and Jeffamine
(hardener). The components were thoroughly hand-mixed until uniformly distributed and
smooth (approximately 5-10 min) to prevent excessive introduction of air into the
mixture. Once the components were hand-mixed, they were transferred to an evacuated
container and mixed continually for 30 min. The vacuum in the chamber caused the
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epoxy-resin matrix mixture to rise as air escaped the matrix; however, the rotating mixing
blade assisted the escape of trapped gas and kept the mixture contained. The BRTES'
manufacturing method developed by Argo et al. did not utilize a vacuum chamber as part
of their protocol.113 The vacuum mixing produced a product that had fewer air bubbles in
the cured phantom, which had also been reported by White.51 After vacuum mixing, the
epoxy-resin matrix was poured into Teflon molds that either D-shaped for the
compressed breast phantoms or rectangular molds for the step phantom, to a depth of
approximately 2.5 cm and then allowed to cure at room temperature for 48 hours. Once
cured, five small samples (approximately 1- 2 cm3) were taken from the BRTES-MOD
phantom to evaluate the cured mass density. Mass density was determined using the
Archimedes Principle with isopropyl alcohol ( ρ= 0.8011 ± 0.0053 g cm-3, 23.43° ± 1.78
°C ) as the liquid medium.116 After the density was verified to be within ±3% of the target
density, the phantom sections were ready to be machined into their final dimensions.
The BRTES-MOD phantoms were machined into semielliptical cylinders with the
minor axis half-length (Posterior-Nipple Line (PNL)) of 8 cm and the major axis length
(width) of 18 cm (width). Phantom dimensions were selected to correlate to a nominal
medium-size breast as delineated in the FDA Handbook of Glandular Tissue Doses in
Mammography, which also correlates well with the average size breast as determined by
Fife, et al.52,63 The range in glandularity was based on polynomial fit to demographic
data reported by Geise and Palchevsky shown in figure 5-2 by breast thickness.29 The
final BRTES-MOD phantom thicknesses ranged from 1 to 8 cm in approximately 1 cm
sections for all glandularities, shown in figure 5-4. In addition to the D-shaped
phantoms, a step wedge was made that contained 10 individual sections, each of which
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had steps ranging from 1-8 cm with glandularities ranging from 100% glandular to 100%
adipose, as shown in figure 5-5.
The D-shaped phantoms were used to measure the patient average glandular dose,
whereas the step wedge phantom was used as a calibration tool to evaluate individual
patient glandularity.
Phantom homogeneity was evaluated by mammographic examination visual
inspection. A General Electric Senographe-DMR13) mammography unit was used to
make the mammography image. The Senographe-DMR uses a high-frequency generator
and an x-ray tube, with a dual bi-metal track target of molybdenum (Mo) and rhodium
(Rh). The x-ray spectrum used was filtered using Rh or Mo filters. Radiograph images
were made only after processor quality control was completed and was found to be within
control limits as delineated in MQSA regulations and ACR guidelines.12,100 The Kodak14)
Min-R 2000 screen-film combination was used for imaging in the homogeneity
evaluation; these images were processed in a Kodak XOMAT 5000 RA film processor.
BRTES-MOD phantom sections that contained imperfections exceeding 1 cm in diameter
were rejected and subsequently remanufactured. The 1 cm diameter criterion was
selected to ensure that phantom imperfections would not adversely interfere with
subsequent image quality analysis.
The attenuation of the BRTES-MOD phantom was examined by evaluating the
tube-current time product (mAs) response by the automatic exposure control (AEC)
system of the mammography unit. The AEC system uses a phototimer that terminates the

13

General Electric Medical Systems, 3135 Easton Turnpike, Fairfield, CT 06431

14

Eastman Kodak, Rochester, NY
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exposure once the radiation level has reached a predetermined calibration level
corresponding to a desired film optical density. Four phantoms, (i.e. total thickness of 4
cm) of 67.8, 42.6, 25.4 and 16.2 % glandularity phantoms were evaluated for their AEC
response using a Mo target and Mo filter at a tube potential of 26 kVp.
In order to evaluate the cured phantom tissue equivalency to the reference tissues of
ICRU Report 46, a full spectrum comparison was conducted (10-50 keV) of the µ ρ-1 and
µen ρ-1 of BRTES-MOD, acrylic and BR 12 phantom materials. The acrylic and BR 12
were used for comparison purposes. A ratio was calculated for µ ρ-1 or µen ρ-1of the
cured-phantom elemental composition to the elemental composition of the reference
tissues derived from ICRU-46.
Results and Discussion
The final array of BRTES-MOD compositions for the range of glandularities
designed in this study is delineated in table 5-2. As noted in table 5-2, compositions of
ingredients were adjusted to match ICRU-46 tissue compositions. The criterion used to
determine the acceptability of a batch of epoxy-resin matrix was the compatibility (± 3%)
of the µ ρ-1 and ρ to the reference tissue. The 3% criterion was based on 95% confidence
interval of the mass-density in the isopropyl alcohol mass-density reference, and various
steps in the manufacturing process, such as material weighting (± 0.01 gm), mixing and
vacuum pressure. The µen ρ-1 was calculated using equation 5-2 for each epoxy-resin
batch was compared to ICRU-46 reference tissue after the initial matrix components were
finalized.
The elemental compositions, effective atomic number (Zeff), effective
photoelectric effect atomic number ( Z effPE ) and mean mass density are listed in table 5-3
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for ICRU-46 referenced tissue and table 5-4 for BRTES-MOD phantom tissue equivalent
compositions. As Attix and Johns and Cunningham have described, Zeff and Z effPE to be
good predictors of photoelectric absorption. Therefore, Zeff and Z effPE have been used to
indicate the compatibility of the BRTES-MOD phantom µ ρ-1 and µen ρ-1 to ICRU-46
reference tissue.115,117 The difference in between Zeff and Z effPE BRTES-MOD and ICRU46 reference tissue were less than 2.5% for the entire range of glandularities examined,
figure 5-6. The average mass-density closely matched (± 2%) the ICRU-46 reference
tissue.
The BRTES-MOD mean mass density was based on the matrix batches that meet
all manufacturing criteria, being within 3% of the referenced tissue in mass-density, µ ρ-1
and µen ρ-1. The 3% criterion was selected to account for variations in the mass density of
the BRTES-MOD phantom, turned out to be the most difficult to control with low massdensities, as noted in figure 5-7 BRTES-MOD density variability about ICRU-46 target
density. The factors that were best in controlling the mass density were the vacuum
mixing and the microsphere content in the matrix.
One method of evaluating the attenuation of a material is to maintain an optical
density that that will accentuate tissue differences by utilizing the AEC system in the
mammographic unit. The AEC system design increases mAs as percent glandularity
increases. The required tube-current time product (mAs) at a constant kVp is an
indication of the overall attenuation characteristics of the phantom material as a function
of glandularity. The attenuation characteristic of the BRTES-MOD phantom was linear
as shown in figure 5-8, with a 0.999 R2. The results were consistent with clinical
mammography images (higher glandular content corresponds to higher attenuation as
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shown in a mammography image) and µ ρ-1-glandular response seen in figure 5-9. These
results indicate that BRTES-MOD phantom series is in good agreement with
mammography clinical imaging. The differences between BRTES-MOD and ICRU-46
target µ ρ-1 at 25 keV are shown in figure 5-8. The largest differences in µ ρ-1 was noted
with 100% adipose at 2.97 % and 100% glandular at 1.03 % tissue which was directly
attributed to the 3% criterion selected to manufacturing the phantom. A correction was
made to the criterion for the remaining glandularities of less than 0.5 % difference
between the µ ρ-1 and the ICRU-46 derived tissue at 25 keV.
A further analysis was performed by comparing the µ ρ-1 and µen ρ-1 over the
entire mammography energy range (10 -50 keV) for BRTES-MOD, methyl-methacrylate
(acrylic) and BR 12 to ICRU-46 reference tissue illustrated in figure 5-10 and figure 511. The ratio of µ ρ-1 between acrylic and BR 12 were compared to 50% glandular tissue
composition derived from ICRU-46 reference tissues compositions. The ratio of µ ρ-1
between BRTES-MOD phantom (67.8, 50, 42.6, 25.4 and 16.2 % glandular content) to
ICRU-46 reference tissue performed better overall than both acrylic and BR 12 as
illustrated in figure 5-10 and figure 5-11. The ratio of µ ρ-1 between BRTES-MOD
phantom 100% glandular µ ρ-1 ratio to ICRU-46 reference tissue ranged from 0.96 to 1.02
whereas 100% adipose ranged from 0.99 to 1.07. However, the BRTES-MOD phantom
(67.8, 50, 42.6, 25.4 and 16.2 % glandular content) µ ρ-1 ratio to ICRU-46 reference
tissue ranged from 1.01 to 0.99 and µen ρ-1 ratio ranged from 1.01 to 1.03.
Acrylic µ ρ-1 ratio to ICRU-46 reference tissue ranged from 0.89 to 0.96 and µen ρ1

ratio ranged from 0.87 to 0.97. Overall acrylic tended to underestimate the ICRU-46

reference values throughout the energy range. The BR 12 µ ρ-1 ratio to ICRU-46
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reference tissue ranged from 0.95 to 1.02 (7%) and µen ρ-1 ratio ranged from 1.01 to 1.09
(8%); the BR 12 µen ρ-1 ratio overestimated the ICRU-46 reference values. BR 12 and the
BRTES-MOD phantom series both overestimate the ICRU-46 reference values for low
energy photons, which may be a result of the higher concentration of chlorine, as noted
by White et al..51
The BRTES-MOD phantom series has a greater flexibility than either BR 12 or
acrylic primarily because it provides compatibility with a larger range of glandularities
and therefore is more representative of clinical mammography populations. In addition,
the BRTES-MOD phantom series provides a closer match in mass density (±3%), µ ρ-1
and µen ρ-1 (±2%) as compared with ICRU-46 reference tissues.
Conclusions
The BRTES-MOD phantom is presented as a breast tissue equivalent series of
phantoms that closely mimics the radiological characteristics of ICRU-46 adipose and
fibroglandular tissues for mammography applications. The modification performed to
BRTES has improved the overall homogeneity by changing the type of microspheres
used and reducing the incorporated air by mixing under vacuum. The BRTES-MOD
series also has the added benefit of being the geometrical dimensions of the dosimetric
model used by Wu and adopted by the ACR, with a range of percent glandularities.
Patient doses based on this series of phantoms will be more representative of
patient population. The BRTES-MOD phantom series out performed either acrylic or BR
12 when evaluated by their µ ρ-1 and µen ρ-1 in comparison with their reference tissues as
described in ICRU Report 44. Further refinement is needed for the 100% glandular and
100% adipose BRTES-MOD to further reduce the differences from their respective
ICRU-46 reference tissues. The BRTES-MOD phantom series provides the platform to
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perform patient glandularity referenced measurements and individual patient doses in the
clinical environment. A potential for the BRTES-MOD phantom is to supplement the
ACR phantom to evaluate AGD for a variety of glandularities in order to provide a better
assessment of the AGD for an individual patient.
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Parafin insert image quality object descriptions
1. 1.56 mm nylon fiber
9. 0.32 mm specks
2. 1.12 mm nylon fiber
10. 0.24 mm specks
3. 0.89 mm nylon fiber
11. 0.16 mm specks
4. 0.75 mm nylon fiber
12. 2.00 mm tumor-like mass
5. 0.54 mm nylon fiber
13. 1.00 mm tumor-like mass
6. 0.40 mm nylon fiber
14. 0.75 mm tumor-like mass
7. 0.54 mm specks
15. 0.50 mm tumor-like mass
8. 0.40 mm specks
16. 0.25 mm tumor-like mass

Figure 5-1. (A) ACR phantom. (B) ACR phantom radiograph. (C) Image quality objects
located within the paraffin insert with their respective descriptions.
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Figure 5-2. Glandularity as a function of compressed breast thickness based on Geise and
Palchevsky work.29
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Figure 5-3. The BRTES-MOD phantoms have a PNL of 8cm and a width of 18 cm in 1 cm thick sections. Each representative
BRTES-MOD percent glandularity has 8 sections.
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Figure 5-4. (A) The BRTES-MOD step phantom dimensions (B) Individual step
dimensions (C) BRTES-MOD step phantom percent glandularit.
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Figure 5-5. The fractional contribution to the total attenuation coefficient from
photoelectric effect (τ ρ-1), Compton effect (σ ρ-1), and Raleigh scattering (σR
ρ-1)as a function of photon energy for 100 % adipose and 100% glandular
tissues.
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Figure 5-6. The graph shows the effective atomic number (Zeff) and the photoelectric
effective atomic number(ZeffPE) for ICRU-46 reference tissues and BRTESMOD phantoms as a function of percent glandularity. The upper and lower
2.5% lines are in reference to the corresponding Zeff and ZeffPE.
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Figure 5-7. Mass density of BRTES-MOD phantom series and the corresponding ICRU46 reference tissues as a function of percent glandularity.
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Figure 5-8. Tube-current time product (mAs) as a function of phantom composition.
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Figure 5-9. Mass attenuation coefficient (25 keV) of BRTES-MOD phantom series, their
corresponding ICRU-46 target tissues, and upper and lower 3% limit as a
function of glandularity.
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Figure 5-10. Ratio of µ ρ-1 for BRTES-MOD phantom series, acrylic, and BR 12 tissue
substitutes to their corresponding ICRU-46 reference values as a function of
photon energy. The BRTES-MOD phantom series were plotted as three
separate entities of 100 % adipose, 100 % glandular, and a midrange from
16.2-67.8 % glandularities. The midrange µ ρ-1 ratio is the average µ ρ-1 ratio
of 67.8, 50.0, 42.6, 25.4 and 16.2%. The error bars of the BRTES-MOD
midrange glandularities represent the variability of the µ ρ-1 ratio to ICRU-46
for the midrange percent glandularities.
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Figure 5-11. Ratio of µen ρ-1 for BRTES-MOD phantom series, acrylic, and BR 12 tissue
substitutes to their corresponding ICRU-46 reference values as a function of
photon energy. The BRTES-MOD phantom series were plotted as three
separate entities of 100% adipose, 100% glandular, and a range from 16.267.8% glandularities. The midrange µen ρ-1 ratio is the average µen ρ-1 ratio of
67.8, 50.0, 42.6, 25.4 and 16.2%. The error bars of the BRTES-MOD
midrange glandularities represent the variability of the µen ρ-1 ratio to ICRU46 for the midrange percent glandularities.

Table 5-1. Commercial suppliers used in this study for epoxy-resin matrix components.
Epoxy-matrix component
Chemical Family
Source
Araldite (GY-60-10), liquid epoxy resin
Jeffamine (T-403), epoxy resin hardener
West System 410 Microlight microspheres
Polyethelene Powder (medium density)
Magnesium Oxide

Epoxide
Alkyl ether amine
Thermoplastic polymer
[C2H4]n
MgO

Vantico Inc., Brewster, NY
Huntsman, Houston, TX
Gougeon Brothers, Inc., Bay City, MI
Aldrich Chemical Co., Milwaukee,WI
Fisher Scientific, Fairlawn, NJ
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Table 5-2. Breast tissue equivalent modified series (BRTES-MOD) material composition by percent.
Epoxy Resin Matrix
Fibroglandularity (%)
100.00
83.40
67.80
54.20
50.00
42.60
33.00
25.40
19.80
Components
(% by mass)
Araldite GY 60-10
(Epoxy)
Jeffamine T-403
(Hardener)
Polyethylene Powder
(Medium Density)
Magnesium Oxide
West System 410
Microlight (Thermo
Plastic microspheres)

16.20

0.00

49.41

47.08

47.39

47.96

45.40

51.56

51.37

50.90

53.54

47.11

48.59

19.77

18.83

18.96

19.18

18.16

20.62

20.55

20.36

21.42

18.84

19.44

18.50

23.50

23.95

24.60

28.04

20.58

21.57

22.72

19.58

28.60

26.36

11.42
0.90

9.90
0.69

9.00
0.70

7.50
0.76

7.48
0.92

6.29
0.95

5.65
0.86

5.16
0.86

4.67
0.79

4.80
0.66

4.70
0.91
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Z eff
Z

PE
eff

Density
Density
σ
N

6.4425 6.3312 6.2887 6.2202 6.1972 6.2046 6.1665 6.1363 6.1373 6.0684 6.0892
7.2639 7.1158 7.0510 6.9445 6.9312 6.8979 6.8368 6.7915 6.7705 6.7042 6.7335
1.0095 1.0187 0.9996 1.0032 0.9662 0.9759 0.9917 0.9669 0.9813 0.9599 0.9542
0.0013 0.0027 0.0008 0.0017 0.0005 0.0005 0.0012 0.0005 0.0027 0.0011 0.0014
15

5

30

5

20

20

5

30

5

45
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⎡
⎤
Z eff = ∑ wi Z i and Z effPE = 3.5 a i Z i3.5 where ai = ⎢(wi Z i Ai ) / ∑ (wi Z i Ai )⎥ , wi, Zi, Ai are the mass fraction,
i
i
⎣
⎦
atomic number, and mass number, respectively of element i.
15
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Table 5-3. Elemental composition, effective atomic number and the mass density of the BRTES-MOD epoxy-resin matrix. Effective
atomic number was calculated by taking the sum of the percent by weight atomic number of element.15
Elemental composition (% by weight) of fibroglandular tissue content (%)
Elements 100
83.4
67.8
54.2
50
42.6
33
25.4
19.8
16.2
0
C
0.6330 0.6531 0.6600 0.6711 0.6763 0.6714 0.6780 0.6833 0.6816 0.6970 0.6925
O
0.1916 0.1779 0.1753 0.1712 0.1645 0.1776 0.1741 0.1708 0.1762 0.1576 0.1626
H
0.0815 0.0860 0.0870 0.0886 0.0907 0.0868 0.0880 0.0892 0.0876 0.0934 0.0918
Mg
0.0689 0.0597 0.0543 0.0453 0.0452 0.0380 0.0341 0.0312 0.0282 0.0289 0.0284
N
0.0207 0.0197 0.0198 0.0201 0.0190 0.0216 0.0215 0.0213 0.0224 0.0197 0.0203
Si
0.0020 0.0015 0.0015 0.0017 0.0020 0.0021 0.0019 0.0019 0.0017 0.0014 0.0020
Cl
0.0012 0.0011 0.0011 0.0012 0.0011 0.0012 0.0012 0.0012 0.0013 0.0011 0.0012
Na
0.0007 0.0006 0.0006 0.0006 0.0007 0.0008 0.0007 0.0007 0.0006 0.0005 0.0007
Al
0.0004 0.0003 0.0003 0.0003 0.0004 0.0004 0.0004 0.0004 0.0003 0.0003 0.0004
Ca
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Table 5-4. Elemental composition, effective atomic number, effective photoelectric effect atomic number and the mass density of the
ICRU-46 reference tissue. Only 0 and 100% fibroglandular tissue composition was taken form ICRU-46. All other
glandularities were percent weight compositions of these two ICRU-46 tissues. 16
Elemental composition (% by weight) of fibroglandular tissue content (%)
100
83.4
67.8
54.2
50
42.6
33
25.4
19.8
16.2
0
Elements
0.1060
0.3320
0.0300
0.5270
0.0000
0.0010
0.0010
0.0010
0.0020

0.1073
0.3762
0.0262
0.4857
0.0000
0.0010
0.0010
0.0008
0.0018

0.1086
0.4177
0.0226
0.4468
0.0000
0.0010
0.0010
0.0007
0.0017

0.1097
0.4538
0.0195
0.4130
0.0000
0.0010
0.0010
0.0005
0.0015

0.1100
0.4650
0.0185
0.4025
0.0000
0.0010
0.0010
0.0005
0.0015

0.1106
0.4847
0.0168
0.3841
0.0000
0.0010
0.0010
0.0004
0.0014

0.1114
0.5102
0.0146
0.3602
0.0000
0.0010
0.0010
0.0003
0.0013

0.1120
0.5304
0.0128
0.3412
0.0000
0.0010
0.0010
0.0003
0.0013

0.1124
0.5453
0.0116
0.3273
0.0000
0.0010
0.0010
0.0002
0.0012

0.1127
0.5549
0.0107
0.3183
0.0000
0.0010
0.0010
0.0002
0.0012

0.1140
0.5980
0.0070
0.2780
0.0000
0.0010
0.0010
0.0000
0.0010

Z eff

6.5690

6.4765

6.3896

6.3139

6.2905

6.2493

6.1958

6.1535

6.1223

6.1022

6.0120

Z effPE

7.2163

7.1198

7.0258

6.9412

6.9146

6.8670

6.8039

6.7530

6.7147

6.6899

6.5751

Density
gm cm-3

1.0200

1.0077

0.9964

0.9867

0.9838

0.9786

0.9720

0.9669

0.9631

0.9607

0.9500

⎡
⎤
Z eff = ∑ wi Z i and Z effPE = 3.5 a i Z i3.5 where ai = ⎢(wi Z i Ai ) / ∑ (wi Z i Ai )⎥ , wi, Zi, Ai are the mass fraction,
i
i
⎣
⎦
atomic number, and mass number, respectively of element i.
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CHAPTER 6
ANTHROPOMETRIC VARIATIONS IN MAMMOGRAPHY
Introduction
The adoption of standardized phantoms to evaluate image quality and radiation
dose of mammography units has dramatically improved the practice of screening
mammography.5,15,17-22 Unfortunately, the phantoms in wide spread use do not accurately
reflect the variations of breast glandularity or geometry of the mammography population.
A phantom requires tissue equivalence and population correct anatomical geometry to be
used effectively to determine individual doses in a clinical environment.
Tissue equivalence ensures that the radiological characteristics of the phantom
tissue-substitutes match those of the tissues of interest in patients. The anatomic
geometry plays an important role in the scattering characteristics of the exposed tissue,
which directly contributes to the deposited dose.118 Tissue composition has been
addressed with the publication of International Commission on Radiation Units and
Measurements Reports 44 and 46 which compile an aggregate of published data for all
major tissues in the human body.107,114 Unfortunately, no equivalent publication exists
for the radiographic anatomical geometries for mammography.
Numerous studies in mammography have restricted their population
measurements to determination of the average compressed breast thickness (4.9 - 5.7 cm
) and percentage breast glandularity (34 - 47%).29,50,58-62,81,119,120 An expanded human
population study provides the demographic data of anatomical variations that is needed to
design and manufacture realistically-shaped dosimetry phantoms for mammography. In
155
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this study, we retrospectively studied 253 mammography patients to determine the
anthropometric variation of the breast under screening mammography conditions.
Materials and Methods
A three-month retrospective demographic study was conducted that compiled
mammography data acquired from 253 patients seen at a U.S. Navy health care facility in
Jacksonville, Florida. One thousand and forty mammograms taken in the period from
January through March 2005 were reviewed and digitized for this study. The clinical
mammography study population consisted of women who were seen either for screening
mammography or as a result of a referral from their primary care physician for a
diagnostic mammography exam.
The typical mammography examination consists of four images taken in two
views for both right and left breasts (craniocaudal (CC) and mediolateral oblique
(MLO)). The mammographic units used to image patients utilize a proprietary automatic
exposure control modality that optimizes unit parameters, by selecting the tube potential
(kVp), tube current-time product (mAs), target and filter combination after short,
preliminary x-ray exposure.
The patients that were selected for the study had a American College of
Radiology (ACR) breast imaging reporting and data system BI-RADS® assessment
categories of 1 (Negative) or 2 (Benign Findings) assigned to them by the interpreting
radiologist.11 A negative BI-RADS assessment category indicates that patient had nothing
for comment, and the breasts were symmetric with no masses, architectural distortion or
suspicious calcifications. A benign BI-RADS assessment category indicates a normal
assessment, but the radiologist annotated a benign finding such as involution, calcified
fibroadenoma, multiple secretory calcifications, fat-containing lesion or mixed-density
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hamartoma. The radiologist also may choose to report a patient as category 2 if there was
evidence of a prior surgery, breasts implant or architectural distortion. Overall, BIRADS category 1 and 2 assessments are indicative of normal breasts with no evidence of
malignancies.
A General Electric Senographe DMR (GE-DMR) or a GE Senographe-800T (GE800T) provided the mammography x-ray imaging used throughout the study. The
Senographe DMR used a high-frequency generator and an x-ray tube with a dual bi-metal
track target (T) of molybdenum (Mo) and rhodium (Rh). The x-ray spectrum was filtered
using a Mo or Rh filter (F). The unit had a fixed source-to-image receptor distance of 660
mm and a nominal focal spot size of 0.3 mm. The Senographe-800T used a highfrequency generator and an x-ray tube with a single metal track target of Mo. The x-ray
spectra were filtered using Mo or Rh filters. The unit had a fixed source-to-image
receptor distance of 660 mm and a nominal focal spot size of 0.3 mm. Both the GEDMR and GE-800T were operated in automatic optimization parameter (AOP) mode
whenever possible. The AOP mode gave priority to dose reduction (AOP-D), subject
contrast (AOP-C) or a compromise between dose reduction and subject contrast (AOP-S).
The AOP mode selected the target (T), filter (F), tube potential (kVp), and tube currenttime product (mAs), through the use of a pre-exposure which evaluated the radiographic
beam penetration. The system used the preliminary x ray exposure of the breast to select
the proper value in the calibration table that designates the T/F, kVp and mAs for the
individual patient breast image. The radiation emerging from the breast passes through
the patient support table, the antiscatter grid, the cassette front, film base before being
absorbed by the intensifying screen and film emulsion.
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As a U.S. Food and Drug Administration certified and American College of
Radiology (ACR) accredited facility, the studied facility maintains its operations in
accordance with Mammography Quality Standards Act (MQSA) regulations and the
ACR Mammography Accreditation Program (ACR-MAP) guidelines as specified.12,100
Throughout the study, the facility performed the required daily quality control activities
and ensured that the prescribed control limits were met prior to processing any patients.12
In addition, and as part of the MQSA and ACR-MAP, the mammography x-ray unit units
were surveyed on an annual basis to verify optimum performance.12
The Kodak17) Min-R 2000 screen-film combination was used throughout the
study. The film was developed using a Kodak X-OMAT 5000 RA film processor.
Processor quality control was performed prior to patients’ films being developed, in
accordance with MQSA and ACR-MAP.
The data collected for each mammogram are shown in Table 6-1. The data were
compiled from each mammogram using paper forms that were subsequently transferred
to a database program designed for this study18). The statistical analysis performed on the
population data was done using SigmaStat19) (version 3.119). The two main statistical
tests utilized for the study were the Mann-Whitney (MW) rank sum test and the KruskalWallis (KW) one-way analysis of variance on ranks Non-parametric statistical tests were
utilized to evaluate differences between two or more groups.

17

Eastman Kodak Company, Rochester,NY

18

Microsoft Office Access 2003, Microsoft, Redmond, WA

19

SigmaStat 3.1, Systat Software, Inc., Point Richmond, Ca

159
Digitization of mammograms and daily processor control films was done using a
Kodak LS-75 film digitizer with a limiting resolution of 5 lines pair per mm (0.1mm).121
All mammograms were digitized at a resolution width of 2048 pixels with the number of
lines determined by the film size. The matrix sizes for the 18 x 24 cm2 and 24 x 30 cm2
film sizes were 2048 x 2812 and 2048 x 2628 pixels, respectively. The pixel size was
approximately 0.1 mm x 0.1 mm, corresponding to the limiting resolution of the
scanner.121 All digitized mammograms were archived in a Digital Imaging and
Communications in Medicine (DICOM) format for processing.
Manual segmentation was performed using ImageJ20 (version 1.34i), image
analysis software developed by the National Institutes of Health.122 Each CC view and
MLO view of each mammogram was manually segmented into the regions and segments
illustrated in figure 6-1. The criteria for manual segmentation are described below for
each radiographic position. The CC view included two distance measurements and four
area measurements. The CC width of the breast was measured as the distance from the
medial plane to the axilla. The posterior nipple line (PNL) was defined in the CC view as
the distance from the chest wall anteriorly to the nipple. The MLO PNL was defined as
the perpendicular distance from the pectoral muscle anteriorly to the nipple. The whole
(whole) breast area was defined as that area encompassed by the skin edge in both CC
and MLO views.
The breast edge (bedge) in the CC and MLO views was defined to be the region
anterior to the glandular region of the breast that is primarily comprised of adipose tissue
and the associated skin layers. To define the breast edge region in ImageJ, a rectangular

20

ImageJ, National Institutes of Health, Bethesda, MD
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region of interest was made that encompassed the entire breast, excluding labels such as
the patient identification or view markers, and then pixel intensities were plotted as a
function of distance from the chest wall, figure 6-2. Two values are established from the
plot to identify the minimum pixel value of the plateau region (X2) and minimum pixel
value of the valley (X1) shown in figure 6-2. Using equation (6-1), a maximum threshold
value (TV) was established based on X1 and X2, figure 6- 2.

TV = X 1 + ( X 2 − X 1 2)

(6-1)

The breast edge area was ultimately defined by thresholding the image for pixel
intensities less than or equal to the calculated TV.
The uniform region of the breast was defined to be the whole breast area minus
the breast edge in all images. The dense fibroglandular region was subjectively
established by visual inspection of each image. This dense region was defined
independent of other views taken of the same subject for both CC and MLO views. The
subjective criterion used was that the minimum pixel value corresponding to glandular
tissue was 64% of the maximum pixel intensity of 4095. Contrary to clinical practice, the
approach ensures that dense region of each mammogram is defined without the influence
of the other views. The primary reason for this method was to determine whether the
dense regions varied between the left and right views.
The MLO view had four distance measurements and five area measurements. In
addition to the aforementioned measurements the MLO view also had the pectoral muscle
(PecMaj) area measured. The MLO Pectoral length (PecMajD) was defined as the
mammogram's cranial caudal distance of the pectoral muscle on the image. The MLO
axilla distance was defined as the distance from chest wall anteriorly to the skin edge in
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the MLO view. The MLO breast length (CCD) was defined as the cranial caudal distance
from the axilla to the inferior skin edge at the chest wall. All measurements from the
MLO and CC views were treated as separate populations because the MLO view includes
a large portion of the pectoral muscle, while the CC view does not.
The anthropometric measurements collected from the CC and MLO views were
used to determine an analytical expression for the CC and MLO whole breast areas, to
estimate the thickness of the subcutaneous adipose and skin layers and to determine the
optimal location for the AEC ionization chamber with respect to the PNL.
The CC and MLO area analytical expressions were based on simple geometry
models using the measurements collected illustrated in figure 6-3. The area equation for
the breast geometry in the CC view is based on a semielliptical geometry, where the
major axis is of the CC width and the minor axis is the PNL measurement illustrated in
figure 6-3, equation (6-2). The area equation for MLO view was derived from the
rotation of the CC area to accommodate a triangular pectoral muscle, where the base of
the triangle is the axilla measurement, and the height of the triangle is the CCD
measurement illustrated in figure 6-3, equation (6-3). The area equations were fitted
using Sigmaplot21) (version 9) which uses a Marquardt-Levenberg nonlinear least-squares
algorithm, where aCC and aMLO are the corresponding fitting parameters.123
CC area = a CC ⋅ (π 4 ) ⋅ PNL ⋅ width

(6-2)

MLO area = a MLO ⋅ ((π 4 )PNL ⋅ width ⋅ + (1 2) ⋅ axilla ⋅ CCD )

(6-3)

The estimated thickness of the subcutaneous adipose and skin was based on theare
of the breast edge and perimeter measurements. The breast edge was modeled by
21

Sigmaplot 9.0, Systat Software, Inc., Point Richmond, CA
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equating the breast edge of the CC or MLO view to an equivalent rectangular region as,
illustrated in figure 6-4. The rectangular region was defined at the horizontal mid-plane
of the compressed breast illustrated in figure 6-4. The measurements of the breast edge
area and perimeter were used to determine the breast edge width based on a rectangular
area by using equations 6-4 and 6-5, where the breast edge measured perimeter is PBedge,
the measured area is ABedge, the source-to-image receptor distance is SID and the sourceto-object distance is SOD. Adjustment was made to the breast edge width for image
magnification, as shown in equation (6-5).

(

)

2
BedgeLength = PBedge + PBedge
− 16 ⋅ ABedge 4

BedgeWidth = (ABedge Bedge Length ) ( SID SOD )

(6-4)
(6-5)

The current clinical method of determining the optimal location for the AEC
ionization sensor is evaluating previous mammograms. Unfortunately, this is not possible
for new patients. In this case, typically the technologists place the ionization chamber
where they believe the densest part of the breast to be. The results of this study will
provide technologists an estimate of the most likely location for the AEC sensor. The
PNL ratio was derived by dividing the PNL distance by the dense tissue centroid distance
from the chest wall.
Results and Discussion
The study population of 253 subjects had a mean age of 54.32 ± 12.11 years. The
range of ages in the study group was 30-89 years old, with the median age being 52 years
old. The distribution of subjects was consistent with the recommendations of the
American Cancer Society for screening mammography population age (>40 years), figure
6-5.5 Subjects under the typical age (<40) for mammography imaging were likely to
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have been referred by a primary care physician for a diagnostic study to evaluate
potential abnormalities. Out of the 253 subjects reviewed for this study, 143 were
assigned a BI-RADS assessment category 1 with the remainder being assigned BI-RADS
assessment category 2. The total number of mammograms (1040) reviewed included
subjects that had multiple images (>4) and the repeated images were not included in the
population statistics.
The BI-RADS density category is subjectively assigned to the patient by the
interpreting radiologist, based on professional experience, training and guidelines
provided in the ACR BI-RADS. It is important to note that a radiologist assigns the BIRADS density category to the entire mammography examination for a patient and not to
an individual image. In order to evaluate the fibroglandular content of the study
population, each BI-RADS density category was assigned a mean fibroglandular value
related to the mid-point of the BI-RADS density categories, as shown in Table 6-2. The
BI-RAD density category assignment was evaluated with its consistency to population
trends in hormone replacement therapy (HRT), compressed breast thickness, and subject
age. Current population trends indicate that women receiving HRT have a higher
glandular tissue content and therefore the population trend for HRT patients is a higher
BI-RADS density categories.44,124 Population studies indicate that glandularity decreases
as compressed breast thickness increases and therefore the population trend would be
reflected in a decreasing BI-RADS density categories.29,82 The last factor utilized to
evaluate the BI-RADS density category assignment was age, as previous studies have
shown a decrease of glandularity with increasing age.106,120 The general distribution of
BI-RADS density categories was similar to previous studies as illustrated in figure 6-
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6.119,125,126 The general distribution from the studies shown in figure 6-5 and this study
indicate that the distribution of BI-RADS density categories are approximately ~10%,
~40%, ~40%, ~10% for the respective BI-RADS density categories of <25%, 25-50%,
51-75% and >75%. However, when glandularity distribution is analyzed for each
contributing radiologist, Table 6-3, the distributions were not consistent with the
aggregate data or previous studies. BI-RADS density category <25% ranged from 0-22%
among the 9 radiologists, 25-50% ranged from 23-70%, 51-75% ranged from 9-63% and
>75% ranged from 0-19%. This type of variation amongst density category distributions
(for individual radiologist) has been previously reported as a result of differences in their
education and professional experience.37,127 The variation in BI-RADS density category
distributions for individual radiologists could be adjusted if a facility were to establish a
unified protocol for interpretation of BI-RADS density categories.
Only 51 out of 253 subjects in this study were receiving HRT. When they are
compared to women not receiving HRT of the same age (39-80 years old, 183 subjects),
Table 6-4, no statistically significant difference in the median BI-RAD density categories
(p= 0.365, MW) was found. Contrary to previous studies, HRT was not found to increase
glandularity in this study.44,124
The percent glandularity as a function of compressed breast thickness showed a
statistically significant trend (p=0.001, KW) of decreasing percent glandularity and
increasing with compressed breast thickness, as indicated in Table 6-5. The trend was
qualitatively similar with previous published data, that is percent glandularity decreases
with increasing compressed breast thickness with a slope of -3.7 (R2=0.89).29,120
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Glandularity as a function of age group, shown in Table 6-6 showed a statistically
significant trend (p≤ 0.001, KW) indicating an increase in adipose tissue with age group.
The trend related to age group was qualitative similar to previous published data, that is
glandularity decreases with age with a slope of -2.34 (R2=0.81).106,120
Compression pressure, unlike BI-RADS glandularity, is applied by the
technologist to each individual breast in each view. Therefore the data compressions were
evaluated by view (CC or MLO). The compression pressures applied to CC and MLO
views, figure 6-7, were statistically different (p≤0.001, MW) as expected, it is possible
that the MLO view requires additional pressure to fix its position as a result of the
pectoral muscle. The mean compression pressure applied in the CC view was 9.91 ± 3.28
daN. The mean compression pressure applied in the MLO view was 12.38 ± 3.06 daN.
The compression pressure applied during a mammogram is highly dependent on the
training and experience of the mammography technologist. The differences among
technologists were evaluated. The result was that the application of compression
pressure differed among technologists, Table 6-7, (p≤0.001, KW). However, all
technologists were within ± 68% of the mean pressure (11.33 ± 1.77 daN) applied except
for technologist 004. Technologist 004 or 005 only had one patient each and therefore
were not included in the mean value calculation. In evaluating compression as a function
of breast thickness a statistically significant trend was observed, Table 6-8, (p≤0.001,
KW) that indicated that compression pressure was increasing with compressed breast
thickness. This trend with breast size was expected because a greater amount of tissue
requires greater force to reduce overlapping anatomy, decrease tissue thickness and
reduce motion blur. No statistical correlation was noted in this study between subject age
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and compression pressure (p=0.170, KW). Previous studies have treated the compression
pressure in both CC and MLO as statistically equal and therefore aggregated the data;
however, the data observed in this study do not support this approach.29,50,58-60,62,81,119,120
Compressed breast thickness was measured and annotated on the mammogram by
the mammography unit. The mammography units utilized in this study complied with the
compression thickness scale accuracy and reproducibility limits of MQSA and ACR.12,100
The regulations require that under moderate compression (6.7 to 8.9 daN), the thickness
measurement scale on the mammographic unit must be reproducible within 2 mm and
accurate to 5 mm for compressed breast thickness of 1 to 8 cm.12 The compressed breast
thickness distribution by CC and MLO views is shown in figure 6-8. The difference in
compressed breast thickness between CC and MLO views was statistically significant
(p≤0.001, MW), indicative of two distinct populations. The mean compression
thicknesses for the CC view and MLO views were 4.46 ± 1.17 cm and 5.22 ± 1.39 cm
respectively. The difference in thickness between CC and MLO can be directly attributed
to pectoral muscle being included in the MLO view and excluded in the CC view. The
study data do not support the approach of aggregating the compressed breast thickness
into a single population, in contrast to previous studies.

29,50,58-60,62,81,119,120

The distribution of tube potential (kVp) as a function of CC, MLO, and
target/filter combination are shown in figure 6-9. The tube current-time product (mAs)
distribution is shown in figure 6-10. Table 6-9 shows the unit parameters as a function of
view (CC or MLO) and target/filter combination. The data provide insights into the
parameterization algorithm (AOP) of the manufacturer. The data show that the
target/filter combination tracks the compressed breast thickness, which results in higher
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tube potentials and higher tube-current time products. The tube potential graph shows
that the MLO view requires a wider range of tube potentials when compared to the CC
view. In addition, that data show that 29 kVp was chosen by the unit less frequently than
28 or 30 kVp with Mo/Rh. This effect was not noted with Rh/Rh.
Anthropometric breast measurements as a function of compressed breast
thickness and CC or MLO views are shown in Table 6-10 and Table 6-11, respectively.
The CC and MLO view dimensions and areas increase as a function of compressed breast
thickness, and glandularity decreases as previously discussed. The CC mean values of
width and PNL are larger than those used by Wu dosimetric model by approximately 3
cm and 2 cm respectively. The increase in PNL and width results in a 46% increase in CC
breast volume. When compared to the average breast phantom used by ACR, the study
population average CC view results indicate that the average breast has a approximately
28% increase in PNL distance, 17% increase in width, resulting in a 46% increase in
volume with no appreciable increase in compressed breast thickness or glandularity. The
data indicate that the “average breast” currently used by Wu and ACR is similar to the
study population average breast except for the volume increase which is likely to have a
small impact (<1%) in glandular dose. MLO data results show that the pectoral muscle
takes up 21% of the whole breast area in the MLO view. The current Wu dosimetry
model does not adjust for the MLO view doing so would require new dose conversion
factors based on a breast containing the pectoral muscle.
An analysis was also conducted to determine an analytical expression predicting
the whole breast area as function of PNL, width, CCD and axilla. Equations (6-3) and (64) were good predictors of the measured areas corresponding to CC and MLO views as
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shown in figures 11 and 12. The equations provide the data needed to develop realistic
anthropometric dosimetry phantoms that are population-based.
The population distribution of the breast edge widths (Bedgewidth) calculated are
shown in figure 6-13. The mean Bedgewidth for CC view was 0.20 ± 0.03 cm and MLO
view was 0.22 ± 0.03 cm. The calculated Bedgewidth indicates that the current dosimetry
models (0.4 cm) are overestimating the skin thickness. Given that current dose
conversion factors decrease with increasing glandularity, the decrease in adipose region
would result in an higher glandularity that corresponds to a decrease in glandular dose.
The positioning of the automatic exposure control (AEC) ionization chamber
under the densest tissue ensures proper image quality for disease detectability. There was
no statistical difference between the PNL ratio as a function of compressed breast tissue
thickness for CC and MLO views (CC, p = 0.509, MLO p =0.382), Table 6-12.
However, the difference in median PNL ratios for the CC and MLO views is statistically
significant, (p<0.001, MW). The PNL ratios for CC and MLO views are 0.45 ± 0.13, and
0.51 ± 0.14, respectively, Table 6-12. Instead of using two values, a recommended value
of 0.50 ± 0.08 for both CC and MLO views would ensure that at least 54% of the
population would be within the value, taking into account the width of the AEC sensor.
The clinical application of the PNL ratio is that the technologist will use the product of
the PNL measurement and the PNL ratio to select the appropriate position of the AEC
sensor that is most likely to be located under the dense portion of the breast. The direct
clinical impact of the PNL ratio is the possible reduction in repeat films for new patients
that have resulted from improper placement of ionization chamber by the technologist.
The clinical application of the PNL ratio is that the technologist will use the PNL
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measurement then select the appropriate position of the AEC sensor that is likely to be
located under the dense portion of the breast.
Conclusions
The main thrust of the retrospective study was to define the average breast as
imaged in CC and MLO views by mammography for a clinical population, the results of
which are shown in table 6-10 and table 6-11. The data provide the anthropometric data
needed to develop realistic phantoms. In addition, the data suggest that the current
MQSA/ACR dosimetry model linear dimensions are smaller than this study population.
This study did not take into account several factors that may influence the anthropometric
measurements of a population, such as race, menopausal status and body index
measurements.
The anthropometric measurements of this study population clearly showed that
adipose tissue increases with age and compressed breast thickness. The study presented
evidence that CC and MLO are two distinct populations. This makes it important to
distinguish the two views in population studies, unlike previous studies that combined the
views as a single aggregate group.29,30,60,81,119,128 In this study, the CC and MLO views
constituted two statistically separate groups in compression pressure, compressed breast
thickness, tube potential and tube current-time product. The underlying reason for this is
the anatomical inclusion or exclusion of the pectoral muscle in CC and MLO views.
Equations 6-3 and 6-4 were derived in order to estimate the whole breast areas in
CC and MLO views based on rudimentary measurements of PNL, width, CCD, and
axilla. These equations facilitate the development of anatomically correct mammography
phantoms.
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The estimated measurement of the skin layer indicates that current models that
assume a 0.4 cm skin layer need to be revised. The smaller skin layer would result in
lower glandular doses with current dose conversion factors.
In addition, we were also able to determine the optimal position (0.45 of PNL) for
the AEC detector in respect to the dense tissue for those patients which previous films do
not exist or could not be accessed. The use of the PNL ratio would directly contribute to
reducing retake rates for new patients.
The study clearly demonstrated the potential benefit of characterizing patient
populations to define anthropometric parameters for the manufacturing of anatomicallycorrect phantoms.
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R2=0.90.

183

0.6
MLO
CC

Frequency (%)

0.5

0.4

0.3

0.2

0.1

0.0
0.10

0.15

0.20

0.25

0.30

0.35

0.40

Bedge Edge Region Width (cm)

Figure 6-13. Distribution of the calculated breast-edge region width for MLO and CC
views using equation 6-5.

184

Table 6-1. Data collected in the retrospective study.
Collected Data Descriptor
Characteristics
BI-RADS® Assessment Category
Cat 1 or Cat 2 (only)
Note: Assigned by interpreting radiologist
BI-RADS® Density Category
<25%, 25-50%, 51-75%, >75%
Note: Assigned by interpreting radiologist
Mammography Technologist Code
Anonymity maintained in study
Interpreting Radiologist Code
Anonymity maintained in study
Individual Age
If 89 years old of greater assigned "≥89"
Hormone replacement status
Yes or No
Radiographic Positioning
Craniocaudal (CC) and mediolateral
oblique (MLO) views, left (L), right (R)
Codes: LCC, LMLO, RCC, RMLO
Radiographic Unit
GE-800T or GE-DMR
Compressed Breast Thickness
Distance in millimeters (mm)
Compression Pressure
Pressure in decaNewtons (daN)
Radiographic Unit Operating Mode
AOP-S, AOP-C, AOP-D, AEC
Tube Potential
kVp
Tube Current-Time Product
mAs
Focalspot size
0.1 mm or 0.3 mm
Target
Mo or Rh
Filter
Mo or Rh
Positioning Angle
Degrees

Table 6-2. BI-RADS density categories used for population analysis.
BI-RADS
Description
Glandularity Range
Category
1
Almost entirely fat
<25% fibroglandular
2
Scattered fibroglandular densities 25-50% fibroglandular
3
Heterogeneously dense
51-75% fibroglandular
4
Extremely Dense
> 75% fibroglandular

Mean Glandularity
Assigned (%)
12.5
37.5
63.0
87.5
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Table 6-3. Interpreting radiologist assigned BI-RADS® density categories as a function of individual interpreting radiologists.
Interpreting BI-RADS Density Categories
Subjects
Radiologist
N
<25%
25-50%
51-75%
>75%
001
0.00%
50.00%
50.00%
0.00%
27
002
5.26%
57.89%
34.21%
2.63%
38
004
21.74%
69.57%
8.70%
0.00%
23
005
8.77%
68.42%
17.54%
5.26%
57
006
8.00%
36.00%
48.00%
8.00%
25
007
12.20%
51.22%
24.39%
12.20%
41
008
9.09%
54.55%
18.18%
18.18%
11
009
3.33%
23.33%
63.33%
10.00%
30
Mean
8.37%
52.99%
32.27%
6.37%
251
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Table 6-4. Hormone replacement therapy BI-RADS density category comparison to comparable aged subjects.
Mean Age
Age Range
Glandularity (%) n
HRT status
59.02 ± 10.41
39 - 80
45.00 ± 19.70
51
Yes
57.32 ± 11.43
39 - 80
47.50 ± 17.30
183
No
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Table 6-5. Mean BI-RADS density as a function of compression thickness for CC and
MLO views.
Thickness
Glandularity
Mammograms
(cm)
(% ± σ)
<3
50.09 ± 14.14 73
3-5
48.07 ± 18.54 476
5-7
45.86 ± 18.03 420
>7
38.35 ± 17.45 63
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Table 6-6. Mean BI-RADS density as a function of age group.
Age (years)
Glandularity (% ± σ) Mammograms
30-39
51.84 ± 23.86
53
40-49
51.28 ± 17.54
364
50-59
47.35 ± 20.04
274
60-69
40.88 ± 12.79
229
70-79
42.21 ± 18.24
76
>80
42.22 ± 18.31
44
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Table 6-7. Technologist applied compression pressure as a function of individual
technologists. The mean value did not include the contributions of technologist 004 or
005 since both only had one patient.
Technologist
Pressure (daN ± σ)
Mammograms
000
10.47 ± 4.54
32
001
10.48 ± 3.58
616
002
12.42 ± 2.77
277
003
11.96 ± 2.99
103
004
8.25 ± 4.11
4
005
10.00 ± 4.32
4
Mean
11.33 ± 1.77
1032

191
Table 6-8. Technologist applied compression pressure as a function of compressed breast
thickness.
Compression Pressure (daN) Mammograms
Thickness
< 3 cm
8.80 ± 3.45
73
3 - 5 cm
10.56 ± 3.03
515
5 - 7 cm
11.98 ± 3.65
385
> 7 cm
13.32 ± 3.27
59
Mean
11.13 ± 3.48
1040

Table 6-9. Mammography unit settings used for images inCC and MLO views as a function of target-filter combination.
Position Target/Filter Compressed Pressure
Pressure Tube Potential Tube
Tube Current- Tube
n
Breast
(daN ± σ)
Range
(kVp ± σ)
Potential Time Product CurrentThickness
(daN)
Range
(mAs ± σ)
Time Product
(cm)
(kVp)
Range
(mAs)
CC
CC
CC

Mo/Mo
Mo/Rh
Rh/Rh

3.89 ± 1.10
5.11 ± 0.91
6.9 ± 0.00

9.92 ± 3.54
9.96 ± 3.12
11.50 ± 0.71

3 - 42
3 - 19
11 - 12

27.55 ± 0.85
28.16 ± 1.84
31.00 ± 0.00

26 - 30
26 - 32
31 - 31

97.12 ± 34.83
139.43 ± 42.67
142.00 ± 14.14

8 - 280
77 - 281
132 - 152

274
240
2

MLO
MLO
MLO

Mo/Mo
Mo/Rh
Rh/Rh

4.28 ±1.30
5.64 ±1.17
8.0 ±1.63

11.41 ± 3.08
12.76 ± 3.18
12.25 ± 1.89

3 - 18
3 - 19
11 - 15

27.57 ± 0.85
29.05 ± 2.13
29.50 ± 0.58

26 - 31
26 - 32
29 - 30

113.38 ± 61.31
158.33 ± 55.37
206.75 ± 78.26

8 - 328
79 - 481
132 - 298

175
345
4
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Table 6-10. Study population CC breast measurements as a function of compressed breast thickness.
Measurement
Compressed Breast Thickness Range
< 3 cm
3 - 5 cm
5 - 7 cm
> 7 cm
Thickness (cm)
2.23 ± 0.70
4.06 ± 0.55
5.61 ± 0.50
7.37 ± 0.10
PNL (cm)
8.44 ± 3.16
9.89 ± 2.71
11.38 ± 2.96
11.73 ± 1.45
Width (cm)
18.55 ± 3.55
20.74 ± 2.65
22.38 ± 2.94
24.05 ± 2.79

Mean
4.46 ± 1.17
10.29 ± 2.96
21.14 ± 3.05

19.41 ± 11.42
39.01 ± 27.51
103.1 ± 59.44
122.51 ± 67.52

27.79 ± 10.91
44.17 ± 28.68
125.94 ± 53.63
153.73 ± 60.68

39.5 ± 14.85
28.68 ± 14.85
155.37 ± 66.56
194.83 ± 77.27

55.78 ± 8.72
69.04 ± 50.01
156.53 ± 27.77
212.62 ± 34.06

31.31 ± 14.21
47.38 ± 35.52
134.17 ± 60.78
165.48 ± 70.93

Pressure (daN)
kVp
mAs
Glandularity (%)
N

8.45 ± 2.84
27.14 ± 0.77
65.73 ± 21.36
49.11 ± 14.96
44

9.74 ± 2.85
27.76 ± 1.01
101.93 ± 23.39
46.85 ± 18.36
283

10.62 ± 3.86
28.13 ± 2.00
150.09 ± 42.77
46.12 ± 19.04
168

8.83 ± 3.43
28.33 ± 0.82
214.17 ± 22.75
37.5 ± 0.00
6

9.91 ± 3.28
27.84 ± 1.43
116.16 ± 42.48
46.69 ± 18.23
503
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Bedge (cm2)
Dense (cm2)
Uniform (cm2)
Whole (cm2)

Table 6-11. Study population MLO breast measurements as a function of compressed breast thickness.
Measurements
Compressed Breast Thickness Range
Mean
< 3 cm
3 - 5 cm
5 - 7 cm
> 7 cm
Thickness (cm)
2.34 ± 0.41
4.16 ± 0.53
5.76 ± 0.57
7.84 ± 0.58
5.22 ± 1.39
Axilla (cm)
6.23 ± 1.41
7.46 ± 1.43
8.15 ± 3.14
8.69 ± 1.53
7.87 ± 2.48
CCD (cm)
20.37 ± 1.42
21.66 ± 2.18
22.94 ± 7.9
23.58 ± 2.32
22.41 ± 5.76
PNL (cm)
8.72 ± 3.31
10.09 ± 2.45
12.49 ± 4.71
15.27 ± 3.90
11.71 ± 4.23
PecMajD (cm)
12.83 ± 2.44
13.83 ± 2.38
14.57 ± 5.59
13.45 ± 4.02
14.1 ± 4.40
32.97 ± 17.01
35.92 ± 12.09
23.67 ± 10.61
87.23 ± 45.6
111.48 ± 49.55

26.34 ± 15.61
38.61 ± 12.52
38.56 ± 9.82
111.98 ± 47.80
150.17 ± 50.54

32.93 ± 33.7
38.5 ± 14.11
50.12 ± 12.67
148.92 ± 53.95
199.49 ± 61.27

27.39 ± 29.62
34.74 ± 16.88
69.7 ± 24.05
197.87 ± 83.26
268.09 ± 104.56

29.97 ± 27.39
38.05 ± 13.82
46.66 ± 16.87
137.65 ± 61.95
184.47 ± 74.01

Pressure (daN)
kVp
mAs
Glandularity (%)
N

10.18 ± 3.35
27.41 ± 0.73
72.68 ± 16.18
53.73 ± 12.56
22

11.67 ± 2.85
27.81 ± 1.08
107.71 ± 27.35
45.21 ± 17.05
183

12.85 ± 3.01
28.86 ± 2.22
151.66 ± 42.44
45.21 ± 17.05
238

13.63 ± 3.12
30.24 ± 1.50
249.43 ± 62.98
38.04 ± 18.43
51

12.38 ± 3.06
28.53 ± 1.90
141.56 ± 58.47
46.66 ± 18.03
494
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Dense (cm2)
PecMaj (cm2)
Bedge (cm2)
Uniform (cm2)
Whole (cm2)

195
Table 6-12. The CC and MLO views PNL ratio calculated as a function of compressed
breast thickness.
Compressed
CC
MLO
Thickness
PNL Ratio
Images
PNL Ratio
Images
<3 cm
0.47 ± 0.12
44
0.49 ± 0.12
22
3-5 cm
0.45 ± 0.14
282
0.50 ± 0.14
183
5-7 cm
0.45 ± 0.14
169
0.52 ± 0.14
237
>7 cm
0.40 ± 0.07
6
0.51 ± 0.13
48
Mean
0.45 ± 0.13
501
0.51 ± 0.13
490

CHAPTER 7
ESTIMATING BREAST GLANDULARITY
Introduction
Breast parenchymal patterns, as depicted in mammography images, can be used to
provide the probability of detecting an abnormality. As the parenchymal patterns become
dense and complex, the ability or probability of the radiologist to detect an abnormality
amongst the parenchymal pattern may be reduced. This study evaluated the possibility
that these patterns can also allow the calculation of the glandular dose resulting from the
mammography imaging. Breast parenchymal patterns, tissue density, composition, or
glandularity are terms commonly used to describe the fibroglandular content of a breast.
Within the envelope of adipose tissue, fibroglandular tissue is composed of glandular
tissue, fibrous tissue, ligaments and their associated vasculature and enervation.
Fibroglandular tissue is typically sequestered in 15 to 20 lobes. Each lobe is composed of
lobules, whose functional unit for producing lactate is called terminal duct lobular unit
(TDLU). The terminal duct leading into the grape-cluster like structures of TDLU,
granular acini, is believed to be one of the sites for carcinogenesis.13 Johns and Yaffe
showed that, radiographically, cancerous tissues attenuate x rays more than normal
glandular tissues, and glandular tissues attenuate x rays more than adipose tissues.49
Medical professionals use the parenchymal patterns in mammography images to estimate
the distribution of adipose and fibroglandular tissues within the breast.
Radiologist and medical physicists are two groups of medical professionals who
routinely use breast tissue glandularity in their profession. The radiologist estimates
196
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breast tissue glandularity qualitatively to determine the probability of detecting a cancer
or other breast abnormalities from the mammogram. The parenchymal patterns in a
mammogram have been associated with an increase risk of breast cancer by population
studies that have correlated cancer incidence with breast density.32-45 The medical
physicist estimates breast tissue glandularity quantitatively to determine average
glandular dose (AGD). AGD is calculated using a dose conversion factor that correlates
the breast entrance skin exposure to glandular tissue dose. The dose conversion factor
varies with compressed breast thickness, breast tissue glandularity, half-value layer, and
tube potential. Over the years, both groups of professionals have attempted to expedite
the process of estimating glandularity.
The only accurate method to quantify glandular tissue content in a breast is by
biopsy. Biopsy ensures a quantifiable measure, but it is not practical, and a small tissues
sample is not representative of the whole breast. Mammography images provide a
practical alternative for estimating the glandular tissue distribution of a breast. Numerous
methods have been devised to categorize parenchymal patterns.
ACR BI-RADS Method
Currently, the American College of Radiology (ACR) Breast Imaging Reporting
and Data System (BI-RADS) provides a standardized mammography-reporting
terminology for breast density. BI-RADS categorizes breast densities into four density
ranges11;
• Almost entirely fat (<25% fibroglandular);
• Scattered fibroglandular densities (25-50% fibroglandular);
• Heterogeneously dense (51-75% fibroglandular);
• Extremely dense (>75% fibroglandular).
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The interpreting radiologist reviews the four images made during a typical
mammography imaging session ( L, RCC, L, RMLO) and any previous images and then
assigns the ACR BI-RADS density category to the individual patient. The BI-RADS
categories were devised to assess qualitatively the sensitivity of the mammography
image. Sensitivity is defined as the probability of detecting a cancer in a patient that has a
cancer lesion.11 The BI-RADS category becomes part of the patient record, but it does
not constitute a quantitative measurement of density by the interpreting radiologist. Given
that glandularity is a biological measurement it would suggest that the distribution
amongst categories should follow a normal distribution. Ferris Hall, a physician at
Harvard Medical School, suggested to his residents that the distribution of BI-RADS
categories should be approximately 20% almost entirely fatty, 30% scattered glandular
tissue, 30% heterogeneously dense and 20% extremely dense.129 Recent population
studies data have shown a wide range of distributions within each category, 4-43%
almost entirely fatty, 27-46% scattered glandular tissue, 12-42% heterogeneously dense,
and 2-18% extremely dense.119,125,130 This study found the distribution within each
category to be 0-22% almost entirely fatty, 23-68% scattered glandular tissue, 9-63%
heterogeneously dense, and 0-18% extremely dense, as described in Chapter 6. The BIRADS methodology is highly dependent on the interpreting radiologist training,
professional experience and the facility standard-of-care protocols. As is shown in this
study, an individual radiologist may have a wide range in the distribution of densities, but
group of radiologists interpreting a population of images may be close to the typical
distribution suggested by Hall. The ACR BI-RADS method was never designed to
quantify breast glandularity and has been successful in providing interpreting radiologists
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with a qualitative method for determining sensitivity. Application of this method to
quantify breast density has inherent systemic problems of the interpreting radiologist's
training, experience bias and category assignment. The systemic issue is the systematic
method of assigning an ACR BI-RADS category to an individual instead of by a breast.
To address these criticisms, a planimetry method (PM) was introduced to quantify breast
density based on the areas of dense tissue with respect to the whole breast area.
Planimetry Method
The simplest approach to quantify glandular tissue in a mammography image is to
measure the area of the glandularity and divide it by the whole breast area. Wolfe and
colleagues in 1976 used a computer-assisted planimetry method to measure breast
density. They used an acetate overlay with a trace of the breast outline and parenchymal
regions to identify the dense areas.36 Modern techniques have digitized the
mammography images and then digitally segmented the whole and the dense regions.46
The planimetry method is a binary system which treats breast tissues as either 100%
adipose or 100% glandular, ignoring the complex nature of the three-dimensional
geometry of these tissues. The advantage to this system is that each breast is individually
assessed allowing for biological variations between breasts. The two primary criticisms
of this method arise from the binary decision of selecting tissues and the potential
inclusion of adipose tissue within the dense regions, both of which affect the final breast
density value. To address these criticisms, a histogram threshold method (HTM) was
introduced, which evaluates mammograms by a pixel-by-pixel methodology.
Histogram Threshold Method
In 1994, Byng and colleagues developed an interactive thresholding technique in
which the observer selects two threshold pixel intensities.131,132 The first threshold pixel
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intensity is used to segment the whole breast. The second threshold pixel value is used as
to identify the edge of the dense tissue area. Using the mammography image pixelintensity histogram, the pixels exceeding the second threshold value are classified as
glandular and included in dense area calculation. Glandular content is then the
proportion of dense tissue area to whole breast area. The advantage to this method is
that it reduces the bias of the classifier. The primary criticisms of this method arise from
the binary decision of tissue assignment. To address the criticism of using a binary
decision of tissue assignments, a method was introduced that utilized the mammography
automatic exposure control (AEC) system to evaluate the percent glandularity.
Tube Loading Method
Geise and Palchevsky developed a method that does not rely on the
mammography image but rather the mammographic unit parameters.29 Geise and
Palchevsky approached the problem of estimating glandularity by using the AEC system
of the mammography unit, thus eliminating the observer decision from the method. The
authors reasoned that the mammographic unit's AEC system made a unique exposure for
a breast based on compressed breast tissue thickness, glandularity and scattering
characteristics. A least-square fitted function was determined that correlated breast tissue
glandularity to compressed breast thickness (tb), tube potential (kVp) and tube-current
time product (mAs). The system was calibrated using a tissue-equivalent breast phantom,
with glandularity ranging from 0-100% glandular. The advantage of the system is that it
eliminated the binary decision methods of the PM and HTM. The main criticism of this
method is that the breast tissue area evaluated by the AEC sensor is small in comparison
to the whole breast. Another criticism is that the premise that each exposure is unique is
not quite true because I found as part of this study that the mammography units used in
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this have an apparent default values for kVp and mAs for very thin breasts (< 2 cm)
independent of breast tissue composition. I believe that the default value is a result of
calibrating units that utilize a pre-exposure with acrylic sheets.
Volumetric Method
In 2003, Pawluczyk and colleagues developed a film-screen digitized method in
which the imaging system was calibrated by using a tissue-equivalent step-wedge of
breast densities.47 The authors used least squares to fit a three-dimensional plane function
to compressed breast thickness, percent glandularity, and optical density. Based on the
three-dimensional plane, the digitized image was evaluated pixel by pixel, and a resultant
aggregated breast density was determined. The advantage of the method was that it took
into account the three-dimensional nature of the breast tissues.
All the aforementioned methods present as reasonable attempts to quantify the
glandular tissue content of a breast. Unfortunately, to date, no direct comparison has
been made among these estimation methods on a single clinical population.
This study introduces a breast-tissue equivalent modified phantom series
thresholding method (BRTES-MOD TET) for estimating glandularity and compares it to
ACR BI-RADS, PM, HTM, and TLM for a single clinical mammography population. In
addition, this study investigates how the three-dimensional nature of breast tissues affects
the resulting radiographic image using a simple Monte Carlo model.
Method Precepts
The BRTES-MOD TET method is introduced in this research as a glandularity
referencing method for estimating patient glandularity. The method is based on image
characteristics of the BRTES-MOD phantom series. BRTES-MOD TET method uses a
BRTES-MOD step phantom, described in chapter 5, to establish a calibration curve for
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glandularity to evaluate each mammogram's uniform region, described in Chapter 6, on a
pixel-by-pixel basis. The BRTES-MOD TET model is based on the generally-accepted
premise in mammography that fibroglandular tissue attenuates x rays more than adipose
tissue. The premise is based on a simple attenuation model in which the fluence (Φ) of
an impinging x-ray beam is modified by the attenuating properties of the breast.115 The
attenuating properties of the breast result from the adipose and fibroglandular tissues (µa,
µg; total linear attenuation coefficients for adipose and fibroglandular tissues) and their
corresponding thicknesses (G, fraction associated with fibroglandular tissue; tb,
compressed breast thickness). Equation (7-1) shows the simplified model, ignoring
scatter photons (that will be discussed later in this chapter.)
Φ 1 ( E ) = Φ 0 (E ) ⋅ e

[

]

− ( µ a ⋅(1− G )+ µ g ⋅G ) ⋅t b

(7-1)

The mammography spectrum is made up of polyenergic x rays. Therefore,
glandularity cannot be easily calculated but can be estimated by using the BRTES-MOD
step phantom. The BRTES-MOD step phantom has a homogeneous distribution of
glandular and adipose tissue which ranges from 0 - 100% glandular tissue in onecentimeter incrementing steps as illustrated in figure 7-1
Using the phantom, a relationship between optical density of film and attenuated
fluence can be developed in the following manner. The image detector transmittance (T)
is a quantity that measures the level of image detector opacity and is proportional to the
exposure received by that detector modified by the imaging system efficiencies. The
image detector used in this study in mammography film and therefore the detector
opacity is the image optical density. The efficiencies inherent in using a film-screen
combination are quantum detection efficiency (QDE) and conversion efficiency (CE).
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Quantum detection efficiency (QDE) is the fraction of incident x-ray photons that interact
with the screen.31 Conversion efficiency (CE) is the ability of the screen to convert
energy deposited onto the screen into film darkening.31 Digitizer efficiency (DE) is the
ability of the film digitizer to translated film optical density to pixel intensity (PI). In
mammography, the scatter-to-primary ratio (SPR) remains relatively constant with kVp
and increases with the geometric dimensions of the breast. 133,134 Optical density (OD) is
related to the transmittance and SPR as shown in Equation (7-2 through 7-4).

T =∫

keV

0

[Φ (E ) ⋅ e [

]

− ( µ a ⋅(1−G )+ µ g ⋅G ) ⋅tb

0

OD = − log(T )

(7-3)

PI = − log(T ) ⋅ DE

(7-4)

]

⋅ QDE(E ) ⋅ CE (E ) ⋅ (1 + SPR( E )) Φ 0 (E ) dE

(7-2)

Equation (7-4) shows that pixel intensity can be used as a surrogate for glandularity.
Materials and Methods
Study Population
A three-month retrospective demographic study was conducted that compiled
mammography data acquired from 253 patients seen at a U.S. Navy health care facility in
Jacksonville, Florida, as described in Chapter 6. One thousand and forty mammograms
taken in the period from January through March 2005 were reviewed and digitized for
this study. The study population consisted of women that were seen for screening
mammography or because of a primary care physician referral for a definitive diagnosis.
Population Study Selection Criteria
The patients that were selected for the study had an ACR BI-RADS assessment
category of 1 (Negative) or 2 (Benign Findings) assigned to them by the interpreting
radiologist after diagnosis.11 Overall, BI-RADS assessment category 1 and 2 assessments
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are indicative of a normal breast with no evidence of malignancies. In evaluating
methods to estimate breast glandularity, a subgroup of approximately 143 patients (CC
view only) were selected that were assigned a BI-RADS assessment category 1. The
selection of the BI-RADS assessment category 1 patients reduced potential influence
from benign conditions on the inter comparison of breast glandularity estimation
methods.
Mammography Imaging
The typical mammography examination consisted of four images made in two
anatomical views, craniocaudal (CC) and mediolateral oblique (MLO), of the right and
left breasts. The mammography units used to image patients utilize an automatic
optimization parameter modality that optimizes unit parameters, by selecting the target
and filter combination (T/F), tube potential (kVp), and tube current-time product (mAs).
A General Electric Senographe-DMR (GE-DMR) or a GE Senographe-800T (GE800T) provided the mammography x-ray fields used throughout the study period. The
Senographe-DMR uses a single-phase high-frequency generator and an x-ray tube, with a
dual bi-metal track target of molybdenum (Mo) and rhodium (Rh). The x-ray spectra
were filtered using Mo or Rh filters. The unit had a fixed source-to-image receptor
distance of 660 mm and a focal spot of 0.3 mm. The Senographe-800T uses a highfrequency generator and an x-ray tube, with a single metal track target of Mo. The x-ray
spectra were filtered using Mo or Rh filters. Both the GE-DMR and GE-800T utilize a
focal spot of 0.3 mm in routine screening imaging. The GE-DMR and GE-800T
mammographic units used an automatic optimization parameter (AOP) mode in clinical
imaging which prioritizes to dose reduction (AOP-D), contrast quality (AOP-C) or
compromise between dose reduction and contrast quality (AOP-S) by selecting kVp,
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mAs, T/F thru the use of a pre-exposure which access the algorithm using unit parameter
and the radiographic thickness of the breast. The radiation emerging from the breast
passes through the patient support table, the antiscatter grid, the cassette front, film base
before being absorbed by the intensifying screen and film emulsion.
Mammography Facility and Film Processing
As a U.S. Food and Drug Administration certified and American College of
Radiology (ACR) accredited facility, the studied facility maintain its operations in
accordance with the Mammography Quality Standards Act (MQSA) regulations and the
ACR Mammography Accreditation Program (ACR-MAP) guidelines as specified.12,100
Throughout the study, the facility performed the required daily quality control activities
and ensured that the prescribed control limits were met prior to processing any patient's
films as is required by MQSA and ACR-MAP.12
The Kodak Min-R 2000 screen-film combination was used throughout the study.
The film was developed using a Kodak XOMAT 5000 RA film processor. Processor
quality control was performed prior to patient's films being developed in accordance with
MQSA and ACR-MAP.
Film Digitizer
The mammograms along with the daily processor control films were digitized
using a Kodak LS-75 film digitizer with a limiting resolution of 5 line pairs per mm.121
Mammograms were digitized at a resolution width of 2048 pixels with the number of
lines determined by the film size. The matrix size for 18x24 cm2 film was 2048 (0.009
cm) ± 0 x 2811.85 (0.009 cm) ± 114.58 pixels and 24x30 cm2 was 2048 (0.012 cm) ± 0 x
2628.20 (0.011 cm) ± 21.20. All digitized mammograms were stored for image
processing in a Digital Imaging and Communications in Medicine (DICOM) format.
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Image Segmentation
The data collected for each mammogram are shown in Table 7-1. The data were
compiled from each mammogram using paper forms that were subsequently transferred
to a customized database program designed for this study22. The statistical analysis
performed on the population data was done using SigmaStat (version 3.1)23. The two
main statistical tests utilized for the study were the Mann-Whitney (MW) rank sum test
and the Kruskal-Wallis (KW) one-way analysis of variance on ranks non-parametric
statistical tests were utilized to evaluate differences between two or more groups. 135
Digitization of mammograms and daily processor control films was done using a
Kodak24) LS-75 film digitizer with a limiting resolution of 5 line pair per mm (0.1mm).121
All mammograms were digitized at a resolution width of 2048 pixels with the number of
lines determined by the film size. The matrix sizes for the 18x24 cm2 and 24x30 cm2
were 2048 x 2812 and 2048 x 2628 pixels, respectively. The pixel size was
approximately 0.1 mm x 0.1 mm, corresponding to the limiting resolution of the scanner.
All digitized mammograms were archived in a Digital Imaging and Communications in
Medicine (DICOM) format for processing. Manual segmentation was performed using
ImageJ25 (version 1.34i), image analysis software developed by the National Institutes of
Health.122 Each CC view and MLO view of each mammogram was manually segmented
into the regions and segments illustrated in figure 7-2 and described in Chapter 6. In this

22

Microsoft Office Access 2003, Microsoft, Redmond, WA

23

SigmaStat 3.1, Systat Software, Inc., Point Richmond, Ca

24

Eastman Kodak Company, Rochester, NY

25

ImageJ, National Institutes of Health, Bethesda, MD
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research only CC views were used to estimate patient glandularity and for the comparison
between glandularity estimating methods.
Monte Carlo Modeling
Monte Carlo (MC) simulation was utilized to investigate whether the effects of
tissue layering and surrounding tissues alter the OD of the mammographic image. The
Monte Carlo Neutral Particle Code version 5 (MCNP-5) developed by the U.S.
Department of Energy was utilized in conjunction with poly-energetic mammography
spectra generated from the Institute of Physics and Engineering in Medicine Report 78
(IPEM-78) spectrum generating software (SRS-78).10,136 MCNP-5 accounts for coherent
scattering, incoherent scattering, photoelectric effect absorption with florescence
emission and pair production.10 The elemental composition of breast tissues (glandular,
adipose) used with MCNP-5 were described in International Commission on Radiation
Units and Measurements (ICRU) Report 44 (ICRU-44) and mean values in ICRU Report
46 (ICRU-46).107,114 Phantom specific glandular content was derived using weight
fractions of the mean tissues in ICRU-46.
The geometry utilized in this study is shown in figure 7-3(A); spectra details are
shown in Table 7-2. The compressed breast phantom was a 2 cm thick ellipse half with a
minor half-axis of 8 cm and major axis of 18 cm, figure 7-3(B). The phantom contains a
column of tissue made up of 1 cm x 1 cm x 0.1 cm tissue slices that are either a 100%
adipose or 100% glandular tissue. The tissue column is surrounded by either 100%
adipose or 100% glandular tissue. The sequences of 100% adipose or 100% glandular
tissues are listed in figure 7-3(C-1 through C-4) was intended to be a simplified model of
the tissue layering that may be found near the lobules of the breast. The last layer in the
column is composed of air and is intended to measure the exit dose from the column. A
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change in dose in this layer would result in a corresponding change in OD. Three
separate MC runs were performed, tracing 100 million photon histories resulting in exit
dose with 1% relative standard error ( σ x ).
The MCNP-5 spectrum was based on the spectra used to image a BRTES-MOD
phantom of the same thickness and clinical geometry. The beam quality of the clinical
spectrum were measured using narrow-beam geometry. Each MCNP-5 spectrum HVL
was modified to match the clinical parameters by filtering the raw spectra generated from
SRS-78 with beryllium (Be), molybdenum (Mo), aluminum (Al) and polymethyl
methacrylate (acrylic), filter thickness are shown in Table 7-2. The acrylic was utilized
to simulate the compression paddle in the beam path. Once the correct HVL was
determined using the filtered SRS-78 spectrum, the quality of the spectrum was verified
using the MCNP-5 geometry with simulated Al filters. The MCNP-5 spectrum had an
HVL within a half of a percent of the clinically measured HVL as shown in Table 7-2.
Breast Tissue Composition Estimating Methods
Five methods of estimating glandularity (ACR BI-RADS, planimetry, histogram,
tube loading and BRTES-MOD tissue equivalent thresholding (TET)) were compared,
based on the craniocaudal view of the study population mammography images.
ACR BI-RADS method
The first method, the ACR BI-RADS method, was based the interpreting
radiologist ACR BI-RADS density categories assignment. The interpreting radiologist
reviewed all four images taken during the imaging session and any previous images
before assigning the density category to the individual patient. The retrospective study-
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population density category was taken directly from the interpreting radiologist report
filed along with the mammogram.
Planimetry method
In the planimetry method (PM), the digitized segmented mammograms were
individually evaluated and the resulting glandularity was based on the ratio of the dense
tissue area to the whole breast area for each CC image.
Histogram threshold method
The histogram threshold method (HTM) used the histogram of the whole breast
and evaluated each pixel for glandularity content. In order to determine the glandularity
threshold for mammograms, the dense tissue regions of the left and right CC (LCC,
RCC), and MLO (LMLO, RMLO) mammography images were evaluated separately for
their mean pixel intensities. The mean threshold value ratio(PIRatio) is the mean pixel
intensity of the dense region (PIDense) divided by the maximum pixel intensity of the
image (4095)as shown in equation 7-5. The RCC and LCC population mean PIRatio was
0.64 ± 0.05.
PI ratio = PI Dense 4095

(7-5)

Each RCC and LCC histogram was processed and each pixel intensity that exceeded the
dense tissue pixel intensity (0.64·4095 = 2620.8) was identified as a dense tissue pixel.
Breast glandularity was subsequently calculated by taking the ratio of the total pixel area
corresponding to the glandular tissue (dense) to whole breast area.
Tube Loading Method
The tube loading method (TLM) was based on the unit parameter response to a
tissue-equivalent phantom series containing a range of compressed breast thicknesses ( tb)
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and glandularities. The breast phantom used was the BRTES-MOD breast phantom,
described in Chapter 5. Each of the compressed breast phantoms had adjustable
compressed breast thickness from 1-8 cm and a posterior nipple line of 8 cm and a width
of 18 cm composed of a homogeneous mixture of glandular and adipose tissue ranging
from 16.2 - 67.8% glandular tissue. The GE-DMR and GE-800T were set up as though
being used for clinical application when imaging the BRTES-MOD phantoms. The
standard automatic optimizing parameter mode AOP-S, which was the typically-used
modality at the clinic, was utilized to image BRTES-MOD phantom slices. The
mammography unit parameter, target/filter (T/F), kVp, mAs, tb and compression pressure
(tP) were recorded for each BRTES-MOD phantom slice added. Subsequently, a
correlation was derived between glandularity and unit parameters using Sigmaplot26
(version 9.0) which utilizes the Marquardt-Levenberg algorithm (non-linear least squares)
to derive the final regression equation parameters iteratively. The general equation used
in the regression algorithm was based on the work of Geise and Palchevsky.29 The
mathematical form has no physical interpretation. Breast glandularity was correlated to
the unit parameters using the equations (7-6), where GBRTES-MOD is the glandularity, tb is
the compressed breast thickness, kVp is the tube potential, mAs is the tube current-time
product and n has values that depend on the T/F (Mo/Mo or Mo/Rh) combination.

[

(

)] (

)

(

G BRTES − MOD = y 0 + (a t b ) + b t b2 ⋅ ln kVp n ⋅ mAs − (c + (d t b ) + e t b2

)

(7-6)

BRTES-MOD tissue-equivalent threshold ethod
The BRTES-MOD TET method uses a BRTES-MOD step phantom to determine
a calibration curve relating the reference glandularity of the mammogram to pixel
26

Sigmaplot version 9.0, Systat Software, Inc., Point Richmond, CA
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intensity. The individual steps of the BRTES-MOD TET are illustrated in figure 7-4 and
are discussed here. After reviewing the patient mammogram, the step phantom was
centered on the chest wall as illustrated in figure 7-1(d). Using the same mammographic
unit parameters of T/F and kVp, two step phantom images were taken that bracketed the
mAs station used in the patient's mammogram as illustrated in figure 7-4. After having
digitized the step phantom images, pixel intensities of two rows of equal thickness that
bracketed the compressed breast thickness of the original mammogram in each
previously taken step-phantom image were measured. The pixel intensities were
measured at the center of each step using a region of interest of 75 x 75 pixels. A
composite pixel intensity of the step-phantom was derived using linear interpolation that
matched the unit parameters and tb of the patient mammography image.
A sensitometric adjustment was needed because the mammography images and
step phantom images were taken on different days. An evaluation of the corresponding
sensitometry was necessary to ensure that the optical range as a function of pixel intensity
was similar to the step phantoms and original mammogram. The subtle changes in
sensitometry were within the control limits but needed to be adjusted otherwise, it would
result in either over or under estimating glandularity. All mammogram-film and BRTESMOD step phantom daily sensitometry strips OD (21 steps) were measured using a
densitometer. Then the measurement was repeated digitally using the digitized daily
sensitometry strips with a pixel region of interest (40 x 160 pixel) there by creating a
correlation between OD to PI. A ratio (PIratio) of the mammogram-pixel intensity value
(PImammo) to the step-phantom pixel intensity value (PIstep) of the same sensitometry step
was calculated for all 21 steps of the optical step wedge using equation (7-7). Each step
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of the optical step wedge increased optical density by 41% or 21/2. The form of equation
(7-6) had no physical meaning and was used to obtain the best fitting parameters. The
data were fitted to equation (7-8) for the two mammography units (GE-DMR and GE800T) using Sigmaplot27, (version 9.0) which utilizes the Marquardt-Levenberg
algorithm (non-linear least squares) to iteratively derive the final regression equation
parameters.

PI ratio = PI mammo PI step

(7-7)

2
3
4
PI ratio = B0 + B1 ⋅ PI Step + B2 ⋅ PI step
+ B3 ⋅ PI step
+ B4 ⋅ PI step

(7-8)

Once the step phantom images were corrected for sensitometry differences with the
mammogram, the corrected pixel intensity of the step phantom corresponding to the
mammogram compressed breast thickness were correlated to BRTES-MOD glandularity
(Gpixel). The function was fitted using the non-linear least-squares to equation (7-9),
where the pixel intensity of each glandularity corresponding to the compressed breast
thickness (PIG ) and b and m are regression parameters derived for each mammogram.
The form of the equation was used to provide the best fit to the data.

G pixel =

ln( PI G ) − ln(b)
ln(m)

(7-9)

After having obtained a histogram of pixel intensities for the uniform region, a
pixel-intensity weight value was derived for each pixel intensity range using equation (710).

wi = freqi

∑ freq

i

i

27

(7-10)

Sigmaplot version 9.0, Systat Software, Inc., Point Richmond, CA
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The final estimated glandularity (GBRTES-MOD) of the breast was calculated for only those
pixel intensity values that corresponding to the 0-100% glandular region of the uniform
breast region using equation (7-11).

ln(PI G ) − ln(b) ⎤
⎡
GBRTES − MOD = ∑ ⎢ wi ⋅
⎥
ln(m)
i ⎣
⎦

(7-11)

No adjustments were made to the pixel intensities as a result of the heel effect.
Measurements were made using narrow-beam geometry. The HVL measurement was
made centered on chest wall and at 8 cm from the chest wall to correspond to the size of
the compressed breast and step phantoms. Both units showed no detectable difference in
HVL at 8 cm from the chest wall when compared to the HVL measured centered and 4
cm from the chest wall. The effect of inverse square law was also evaluated and the ratio
of exposures from the chest wall to 8 cm was 0.956.
Results and Discussion
Monte Carlo Modeling

The Monte Carlo results shown in Table 7-3 indicate that the arrangement of the
tissue layers does not influence the opacity of the film as dramatically as the surrounding
tissue. Given the same pattern of tissue layering, changing the surrounding tissue can
affect the exit dose from 10.6 to 12.9%. Whereas, given the same surrounding tissue,
changing the tissue layering affects the exit dose only by 2.2 to 5.9%. The impact of this
finding is that parenchymal patterns (opacities) seen on mammograms are only an
estimate of the glandular tissue content of the breast. The complexity of tissue layering
may in fact mask the quantity of the glandular tissue.
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Breast Tissue Composition Estimating Methods

In developing the rationale to evaluate the glandularity estimation methods, several
key factors were considered such as method reference, method reproducibility, method
adherence to population tendencies, and demographics. The method reference refers to a
documented process or calibration phantom that can be used to estimate glandularity. The
method reproducibility was estimated by evaluating the glandularity of the left and right
breasts or bilateral symmetry of the method. The population tendency that was used in
the evaluation was the increase of adipose tissue content in the breast associated with
increasing age or increasing compressed breast thickness.60,106,118,120
With regards to patient demographics, two histogram methods were utilized to
display population distributions. The first method showed the general population
distribution based on 10% increasing increments of glandular tissue and the second
method used the BI-RADS mean density category values (12.50, 37.50, 63.0 and 87.50)
used by interpreting radiologists to assess mammographic images. The glandularity
distribution difference in median values for all five groups are statistically greater than
would be expected by chance (p≤0.001, KW), figures 7-5 and 7-6. However, within the
group, the planimetry and histogram methods were indistinguishable from each other
statistically (p=0.988, MW), as were ACR BI-RADS, TM, and BRTES-MOD TET
(p=0.268, KW). The general statistics of glandularity as shown in Table 7-4 and will be
discussed within context of each glandularity estimation method.
ACR BI-RADS Method

The ACR BI-RADS method was based on a written standard delineated in the ACR
Breast Imaging Reporting and Data System book.11 Unfortunately, the standard lacks
sufficient detail to prevent variation in interpretation of the categories by the radiologist.
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The result of this variation is quite evident when data from individual radiologist are
viewed for their distribution of ACR BI-RADS density assignments as shown in Table 75. This type of variation has been demonstrated in previous studies.12,44,127 To combat
this type of distribution variation requires the facility to establish strict criteria for the
interpreting radiologist to follow. As an aggregate however, the ACR BI-RADS density
category assigned by the radiologists, Table 7-4 was similar to previously published
data.60,120 The ACR BI-RADS method had the second highest mean glandularity, with a
median glandularity of 37.5%. In addition, the method shows the population trend of
increasing adipose tissue with age and tb as shown in figure 7-7 and figure 7-8. The one
major advantage to this method is that anatomical features that could interfere with
glandularity estimation is avoided because of human interaction. Another disadvantage
to this method is that anatomical variation of parenchymal patterns in the left, and right
breast are not taken into account, and therefore should not be assigned the same glandular
value, Table 7-6.
Planimetry Method

The planimetry method was introduced to reduce variability seen in glandularity
categorical methods such as ACR BI-RADS. The PM is not based on a standard but
rather it relies on each reviewer's training and experience to define the dense tissue area.
So in fact, the method traded one bias with another, for example, instead of interpreting
delineated standards, the reviewer interpreted the image for dense tissue areas for which
there are no standards. The variability in selecting dense areas was seen in this study
because each image was evaluated independently. Therefore, when evaluating left and
right breasts one should see a small variation; however, this method showed a difference
of 10.92%, as shown in Table 7-6. The population trend was not evident in PM as it was
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seen in the ACR BI-RADS method. Another disadvantage to this method is that the
dense area may incorporate small regions of adipose tissue, which would increase the
glandular fractional area as determined from an image. The median value of glandularity
using the planimetry method was statistically different from the ACR BI-RADS, Tube
Loading or BRTES-MOD TET methods (p≤0.001, MW).
Histogram Thresholding Method

The histogram method was introduced to reduce the variability seen in PM and
ACR BI-RADS of evaluating glandularity. The HTM method does not incorporate a
standard for defining the minimal pixel value for glandular tissue. In this study, the ratio
of the dense pixel intensity to maximum pixel intensity was 0.64 ± 0.05. The
standardization of determining the dense area reduced the glandularity variability as
shown in Table 7-6. The population trends seen in ACR BI-RADS were not present with
the HTM method. The median value of glandularity using the histogram method was
statistically difference than ACR BI-RADS, Tube Loading or BRTES-MOD TET
methods (p≤0.001, MW). The great advantage to this method over planimetry is that it
does not incorporate adipose regions into the area calculation.
Tube Loading Method

The premise of the tube loading method is that a mammography unit performs
uniquely to the combination of glandularity of the breast and tb. In this study, 40 data
points were used to evaluated to determine the parameters in equation (7-2) for Mo/Mo
and Mo/Rh combinations of each mammographic unit. The fitted parameters are listed in
Table 7-7. The ability of the model to predict the glandularity of the BRTES-MOD
phantom had a range in R2 of 0.75 to 0.96, shown in figure 7-9 through 7-12.
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Even though the reference phantom had a tb range of one cm to eight cm, the
models had difficulty in predicting glandularities of thin (<3 cm) and thick breasts (>7
cm). The result of these difficulties was that glandularity exceeded 100% in small breast
were less than 0% in large breasts were predicted as shown in Table 7-4. The trend is
quite evident with the three-dimensional surface of the models shown in figure 7-13
through figure 7-16 and in the distribution of glandularities in figure 7-5 and 7-6. The
trend was also noted in a previous study by Heggie.120 The fundamental problem with
this method is the original premise, that change in glandularity does not have a dramatic
impact on automated algorithms used in determining unit parameters. The AOP/S mode
in the mammographic units GE-DMR and GE-800T used this study were not able to
distinguish between glandularities for phantoms of 1-2 cm. The method did show the
increasing trend in adipose with age and thickness.
BRTES-MOD Tissue Equivalent Thresholding Method

The BRTES-MOD TET method was developed to address issues brought up in
previous methods. The method uses BRTES-MOD phantom as the reference tissue for
glandularity the method calibrates each mammogram image individually. The method is
reproducible because it does not rely on the interpreting individual to decision points. The
method does show the trend of decreasing glandularity with age and tb shown in figure 77 and 7-8. The difference between the left and right breasts, shown in Table 7-6, was
comparable to PM, and HTM. The disadvantage to the method in this study was the
sensitometric adjustments needed for the screen-film imaging which, in clinical practice
could be time consuming and costly. However, this could be overcome by taking the step
phantom images immediately after patient imaging. A calibration was performed using
BRTES-MOD phantom of known glandularity at fixed compressed breast thickness,
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figure 7-17. The BRTES-MOD TET tended to over respond with thinner breasts at
higher glandularity. Adjustment to the BRTES-MOD TET method would have to be
made to adopt the system in MLO views because of the incorporation of the pectoral
muscle. The median glandularity value for the population was higher than ACR BIRADS, PM and HTM.
Conclusions

In this study, BRTES-MOD TET method was introduced as a quantitative method
of estimating patient glandularity and it was compared it to ACR BI-RADS, PM, HTM,
and TLM on a single study population.
The advantage of the BRTES-MOD TET method of over ACR BI-RADS is that it
is quantitative and does not rely on the user's training and experience to predict
glandularity. Even though PM was designed to be a quantitative measure of the user's
training and experience, it also relied on the user and reduced the range of glandularity to
binary choice of 100% glandular or 100% adipose. HTM improved reproducibility over
the PM method, but it still reduced the range of glandularity to a binary choice. TLM was
the first non-user-dependent quantitative system, but in this study the underlying premise
that AEC systems provide unique exposures based on glandularity and breast thickness
turned out to be false. TLM was unable to reliably predict breast glandularities of small
(<3cm) and large (>7 cm) compressed breasts.
The BRTES-MOD TET method does require careful application when applied to
screen-film mammography, in order to ensure that sensitometry does not interfere with
the method results. The issue is avoided if the phantom images are taken immediately
after patient imaging. Application of this method in a digital environment would reduce
the number of steps required to achieve a result, since it would not require the user to
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digitize the images. Also further development is needed in modifying the system to
enable the application to MLO views, which include the pectoral muscle.
Even though not directly compared in this study, the advantages of the BRTESMOD TET method over the volumetric method proposed by Pawluczyk et al. that each
mammogram is calibrated instead of using a single calibration curve. 47 The BRTESMOD TET method also did not require correction for field nonuniformity effects.
Mammography dosimetry needs a reproducible and reliable method of estimating
breast glandularity to accurately reflect the patient-specific average glandular dose that
can be documented. The BRTES-MOD TET method is proposed as the method that could
provide an estimate of glandularity that is traceable to a standard tissue equivalent
phantom.
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Figure 7-1. (A) BRTES-MOD step phantom dimensions (B) Individual step dimensions
(C) BRTES-MOD step phantom glandularity content.(D) BRTES-MOD
phantom geometry for clinical imaging.

221

Breast Edge
Dense
Whole
Uniform
Mammogram CC view

Figure 7-2. Segmentation regions used in LCC and RCC mammographic views
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Figure 7-3. (A) MCNP-5 geometry used in Monte Carlo (MC) simulations. (B) BRTESMOD phantom and image receptor physical measurements used in MC. (C)
BRTES-MOD phantom tissue layer sequences.
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Figure 7-4. BRTES-MOD TET method illustrated flowchart.
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Figure 7-5. A histogram for the five glandularity-estimating methods using a 10%
increasing increment of glandularity.
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Figure 7-6. A histogram for the five glandularity-estimating methods using the ACR BIRADS density category as the increment of glandularity.
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Figure 7-8. Glandularity-estimating methods as a function of age group.
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Figure 7-9. A graph of the tube loading method model of GE-800T (Mo/Mo) predicted
glandularity as a function of BRTES-MOD phantom glandularity. The line
represents a one-to-one correlation between model prediction and phantom
glandularity.
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Figure 7-10. A graph of the tube loading method model of GE-800T (Mo/Rh) predicted
glandularity as a function of BRTES-MOD phantom glandularity. The line
represents a one-to-one correlation between model prediction and phantom
glandularity.
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Figure 7-11. A graph of the tube loading method model of GE-DMR (Mo/Mo) predicted
glandularity as a function of BRTES-MOD phantom glandularity. The line
represents a one-to-one correlation between model prediction and phantom
glandularity.
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Figure 7-12. A graph of the tube loading method model of GE-DMR (Mo/Rh) predicted
glandularity as a function of BRTES-MOD phantom glandularity. The line
represents a one-to-one correlation between model prediction and phantom
glandularity.
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Figure 7-13. A three-dimensional graph of the tube loading method model of GE-800T
(Mo/Mo) as a function of ln(kVp0.35mAs), and compressed breast thickness.
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Figure 7-14. A three-dimensional graph of the tube loading method model of GE-800T
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Figure 7-15. A three-dimensional graph of the tube loading method model of GE-DMR
(Mo/Mo) as a function of ln(kVp5.89mAs), and compressed breast thickness.
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Figure 7-17. A graph of the BRTES-MOD TET model for GE-DMR and GE-800T
predicted glandularity as a function of BRTES-MOD phantom glandularity.
The line represents a one-to-one correlation between model prediction and
phantom glandularity.
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Table 7-1. Data collected in the retrospective study.
Collected Data Descriptor
Characteristics
®
BI-RADS Assessment Category
Cat 1 or Cat 2 (only)
Note: Assigned by interpreting radiologist
®
BI-RADS Density Category
<25%, 25-50%, 51-75%, >75%
Note: Assigned by interpreting radiologist
Mammography Technologist Code
Anonymity maintained in study
Interpreting Radiologist Code
Anonymity maintained in study
Individual Age
If 89 years old of greater assigned "≥89"
Hormone replacement status
Yes or No
Radiographic Positioning
Craniocaudal (CC) and mediolateral
oblique (MLO) views, left (L), right (R)
Codes: LCC, LMLO, RCC, RMLO
Radiographic Unit
GE-800T or GE-DMR
Compressed Breast Thickness
Distance in millimeters (mm)
Compression Pressure
Pressure in decaNewtons (daN)
Radiographic Unit Operating Mode
AOP-S, AOP-C, AOP-D, AEC
Tube Potential
kVp
Tube Current-Time Product
mAs
Focal spot size
0.1 mm or 0.3 mm
Target
Mo or Rh
Filter
Mo or Rh
Positioning Angle
Degrees
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Table 7-2. Spectral parameters used in MCNP5 simulations.
Spectra Parameters
Spectra source
IPEM Report 78
Tube Potential
25 kVp
Filters
0.69 mm Be
0.03 mm Mo
2.5 mm PMMA
0.1745 mm Al
Half-Value Layer (HVL) measured 0.3476 mm Al
HVL (MCNP5) simulated
0.3462 mm Al
Difference in HVL (%)
0.41%
Mean photon energy
16.6 keV
Anode angle
20 degrees
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Table 7-3. The final exit doses from three patterns of tissue layers and surrounding tissues. Tissue patterns were illustrated in figure 3.
Difference
Difference from
Tissue
Surrounding
Dose
from
Pattern Tissue
(mGy, 10-13) Mean Tissue
Surrounding
Column
tissue (%)
(%)
C-1
Adipose
2.02 ± 0.025 2.17 ± 1.41
11.41 ± 1.68
C-2
Adipose
2.18 ± 0.026 5.50 ± 1.45
10.65 ± 1.62
C-3
Adipose
1.99 ± 0.025 3.33 ± 1.40
10.95 ± 1.69
C-4
Adipose
2.24 ± 0.026 6.20 ± 1.49
10.45 ± 1.60
Mean Adipose
2.11 ± 0.017
C-1
Glandular
1.79 ± 0.023 2.64 ± 1.43
12.89 ± 1.68
C-2
Glandular
1.94 ± 0.037 5.92 ± 1.48
11.91 ± 1.62
C-3
Glandular
1.78 ± 0.026 3.28 ± 1.42
12.30 ± 1.69
C-4
Glandualr
2.00 ± 0.024 6.68 ± 1.52
11.67 ± 1.60
Mean Glandular
1.84 ± 0.013

Table 7-4. Study population descriptive statistics breast glandularity-estimating methods.
Min-Max
Method
Mean ± σ (%)
σ · images-(1/2) Range
(%)
(%)
(%)
ACR BI-RADS
46.70 ± 18.40
1.08
75.0
12.5-87.5
Planimetry
30.10 ± 16.10
0.95
78.3
0.9-79.2
Histogram
29.80 ± 12.30
0.73
60.2
4.2-64.4
Tube Loading
47.90 ± 66.60
3.92
648.90
-68.1-580.7
BRTES-MOD TET
41.20 ± 21.70
1.29
77.8
0-77.8

Median
(%)
37.50
28.30
28.60
50.90
44.90
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Table 7-5. ACR BI-RADS assessment category 1 or 2 with associated density categories
as a function of individual interpreting radiologists.
Interpreting
Subjects
BI-RADS Density Categories
Radiologist
<25%
25-50%
51-75%
>75%
001
0.00%
50.00%
50.00%
0.00%
27
002
5.26%
57.89%
34.21%
2.63%
38
004
21.74%
69.57%
8.70%
0.00%
23
005
8.77%
68.42%
17.54%
5.26%
57
006
8.00%
36.00%
48.00%
8.00%
25
007
12.20%
51.22%
24.39%
12.20%
41
008
9.09%
54.55%
18.18%
18.18%
11
009
3.33%
23.33%
63.33%
10.00%
30
Mean
8.37%
52.99%
32.27%
6.37%
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Table 7-6. The mean glandularity calculated for LCC and RCC pairs in the study
population.
Glandularity
View
Glandularity ± σ
Glandularity
Images
Estimating Method
(%)
Difference (%)
ACR BI-RADS
LCC
47.05 ± 18.39
0
274
RCC
47.05 ± 18.39
Planimetry

LCC
RCC

35.56 ± 16.30
24.71 ± 13.95

10.84

Histogram

LCC
RCC

29.01 ± 12.02
30.07 ± 12.07

1.05

Tube Loading

LCC
RCC

43.45 ± 56.51
43.94 ± 50.81

0.49

BRTES-MOD TET

LCC
RCC

40.73 ± 23.12
41.29 ± 20.68

0.56

Table 7-7. Tube loading fitting parameters.
Parameters
GE-800T
GE-800T
GE-DMR
(Mo/Mo)
(Mo/Rh)
(Mo/Mo)
0.35
8.00
5.89
n
0.26
1.12
0.13
y0
27.67
15.68
36.22
a
181.21
-2544.93
-97.61
b
2.95
44.59
5.46
c
88.50
-391.01
753.86
d
777.43
-60742.77
-2047.07
e
R2
0.91
0.96
0.82
G BRTES − MOD = y 0 + (a t b ) + b t b2 ⋅ ln kVp n ⋅ mAs − (c + (d t b ) + e t b2

[

(

)] (

)

(

)

GE-DMR
(Mo/Rh)
15.00
-3.96
648.65
-23011.40
-207.75
34577.92
-1237496.22
0.75

CHAPTER 8
AVERAGE GLANDULAR DOSE BASED ON HOMOGENEOUS PHANTOM
Introduction

Mammography provides the best opportunity today to detect the early onset of
breast cancer.5,44,137 The success of mammography has been in part due to the quality
assurance oversight that has provided standardization of breast imaging through
accreditation and regulations.12,100 As part of that standardization process, phantoms have
played a key role in image quality and monitoring the average glandular dose for a
mammographic unit.
This research affords the opportunity to go to the next step in diagnostic imaging,
with individualized patient doses. The current model for radiation induced cancer risk,
from the Committee on the Biological Effects of Ionizing Radiations: Health effects of
exposure to low levels of ionizing radiation (BEIR V), uses in their foundation
populations with relatively high doses when compared to mammography.7 In vivo
dosimetry has the possibility of allowing improvement to the current BEIR V model by
providing for epidemiological studies a dose monitoring mechanism that takes into
account population variability and imaging modality. Screening mammography patients
would provide a population sufficiently large to gain statistical significance to allow clear
determination of the radiation risk associated with mammography without a need for
model extrapolation. In vivo doses also provide the physician with the information
needed to make an informed decision on that risk, as is recommended by the 2005
Recommendations of the International Commission on Radiological Protection (ICRP244

245
2005).86 The ICRP-2005 recommendations stated the following concerning diagnostic
imaging "That exposure is not limited by any regulatory process, but is controlled by the
physician, who therefore should be aware of the risks and benefits of the procedure
involved." In vivo dosimetry can also provide regulatory bodies with realistic patient

doses, which could drive changes in the current regulatory environment, potentially
reducing the average glandular dose unit limits. The American College of Radiology has
been FDA-approved to develop policies and procedures to accredit mammography
facilities. One of the ACR procedures delineates the methodology for measuring average
glandular dose. The dosimetric model used to measure average glandular dose (Wu DM)
was adapted from Wu et al. and Stanton et al.54,56,57 The Wu DM phantom model is based
on a semielliptical-cylinder compressed-breast geometry which contains a glandular
region surrounded by a layer of adipose tissue, as illustrated in figure 8-1(A).
The Wu DM has been adopted by the other three FDA-approved accreditation
bodies, Arkansas, Iowa and Texas.138 The Wu DM average glandular dose (AGD) is
determined from the product of the normalized average glandular dose per unit entrance
skin exposure and the measured entrance skin exposure (Xese), equation 8-1. DgN is a
function of the incident spectrum, compressed breast thickness (tb), and breast
fibroglandular content (G). The spectrum which can be characterized by the half-value
layer (HVL), in turn, is a function of tube target and filter (T/F) materials, and tube
potential (kVp).
D g = D gN (G , HVL, t b , T / F , kVp ) ⋅ X ese

(8-1)

The current dose conversion factors (DgN) used by the Wu DM were measured for
breasts with a width of 18 cm and a posterior nipple (PNL) distance of 8 cm, with

246
variable compressed breast thicknesses (2-8 cm), as illustrated in figure 8-1(A). The
phantom used to monitor the average glandular dose in mammography units is the
rectangular ACR accreditation phantom that is intended to represent a 4.2 cm compressed
breast composed of 50% fibroglandular (glandular) tissue. A common practice has been
to use homogeneous tissue phantoms to evaluate patient glandularity and to calculate
average glandular dose using equation (8-1) and DgN derived by Wu and colleagues.56,57
However, as shown in this study, the use of a homogeneous tissue phantom to evaluate
breast glandularity may introduce systematic errors in the glandular content of the breast.
The study further shows that an overestimation of glandularity results in an
underestimation of AGD.
In this study, an accurate methodology to predict the average glandular dose
(AGD) to a patient is developed that uses a homogeneous phantom to estimate
glandularity. The homogeneous phantom used in this research is the modified breast
tissue-equivalent phantom series (BRTES-MOD) described in Chapter 5. The AGD can
then be customized to the glandularity and physical dimensions of the compressed breast
of a specific patient. The study then compares the Dg derived from glandularity
measurements using the BRTES-MOD method with those derived from using ACR
breast imaging reporting and data system (ACR BI-RADS), histogram threshold method
(HTM), and modified average breast method (AVG).
Method Precepts
General Concepts

The breast is made up of numerous types of tissues; however, they can be
categorized into two major categories: adipose and fibroglandular. Both the Wu and
BRTES-MOD dosimetry phantom models are composed of these two tissues.
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The current model for calculating average glandular dose is the Wu DM. The
BRTES-MOD dosimetric model (BRTES-MOD DM) is presented to facilitate the use of
homogenous phantoms to estimate patient glandularity and subsequently provide an
average glandular dose.
The Wu DM, as previously described, is composed of two distinct tissue layers, an
adipose layer and homogenous fibroglandular region, illustrated in figure 8-1(A).56 The
homogeneous fibroglandular region is composed of 100% adipose and 100% glandular
tissue. Figure 8-1(B) illustrates the BRTES-MOD DM, which has overall lateral
dimensions identical to the Wu DM model but is composed entirely of homogenous
fibroglandular tissue. The fibroglandular content in both models is equal.
In mammography, fibroglandular tissue attenuates x rays more than adipose tissue.
In the BRTES-MOD DM, the digitized measurement (pixel intensity) of optical density
(OD) of the film image of the phantom provides a surrogate measure for the
fibroglandular content of the breast. Pixel intensity (PI) of the digitized image can be
described using equation (8-2) which was derived in Chapter 7, where Φ0, Φ1 are the
initial and attenuated fluences; µa, µg are the linear attenuation coefficients for adipose
and glandular tissues respectively; G is the fibroglandular tissue fraction; tb is the
compressed breast thickness; QDE is the quantum detection efficiency; CE is the
conversion efficiency of the intensifying screen; SPR is the scatter-to-primary ratio and
DE is the digitizer conversion efficiency.
PI = − log ⎡ ∫
⎢⎣ 0

keV

(8-2)

[(Φ (E ) ⋅ e [

]

− ( µ a ( E )⋅(1−G )+ µ g ( E )⋅G ) ⋅tb

0

)

]

⋅ QDE (E ) ⋅ CE (E ) ⋅ (1 + SPR( E ) ) Φ 0 (E ) dE ⎤ ⋅ DE
⎥⎦
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Due to the difficult nature of dealing with polyenergetic spectrum, an alternative
method of estimating glandularity with pixel intensity can be used that utilizes the
BRTES-MOD step phantom with a known glandularity. Once glandularity is estimated
using the BRTES-MOD TET method described in Chapter 7, average glandular dose (Dg)
can be calculated using equation (8-3), where Ψ is the incident energy fluence; (µen/ρ)g,
(µen/ρ)a are the energy absorption coefficients for glandular and adipose tissues; G and
SPR is defined as in equation 8-2.

Dg = ∫

keV

0

⎡⎛ µ
⎤
⎞
⎛µ
⎞
Ψ ( E ) ⋅ ⎢⎜⎜ en ( E ) ⎟⎟ ⋅ G + ⎜⎜ en ( E ) ⎟⎟ ⋅ (1 − G )⎥ ⋅ (1 + SPR( E ) ) ⋅ dE
⎠g
⎝ ρ
⎠a
⎣⎢⎝ ρ
⎦⎥

(8-3)

Again because of the complexity of dealing with the polyenergetic spectrum of
mammography, average glandular dose is typically not calculated using equation (8-3),
but rather with equation (8-1). The general trend with the DgN, derived by Wu and
colleague, is that DgN decreases as a function of increasing glandularity, figure 8-2.56,57
Phantom Factor

The breast glandularity measured using the BRTES-MOD step phantom, figure 83, provides a reference to a known glandularity of the BRTES-MOD phantom. In order to
derive a dose, however, a conversion factor must be used to compensate for the
glandularity difference measured using a homogeneous phantom. The need for a
conversion factor is best illustrated by comparing the average glandular dose calculation
based on an image of two phantoms whose fibroglandular regions, T/F, tube potential,
tube current-time product and compressed breast thicknesses are equal, figure 8-4. One
phantom is the Wu DM phantom, whereas the second is the homogeneous BRTES-MOD
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DM phantom, figure 8-1(A and B). If the homogeneous BRTES-MOD step phantom is
used to measure the glandularity in both phantom images, the glandularity of the BRTESMOD DM phantom is higher than the glandularity of the Wu DM phantom. The reason
for this effect is that the adipose layer of the Wu DM phantom is primarily made of
adipose tissue, which is less attenuating than the same layer in the BRTES-MOD DM
phantom made of the homogenous fibroglandular tissues. The Wu DM phantom
glandularity therefore indicates a lower glandularity than the BRTES-MOD phantom.
Given that DgN decreases with increasing glandularity, the lower glandularity results in a
DgN that is higher than expected for the fibroglandular content in the glandular region of
the Wu DM phantom and therefore results in higher than expected average glandular
dose. As a result, an adjustment must be made to compensate for this discrepancy. The
phantom factor (fP) proposed is the ratio of Dg for the Wu DM to the BRTES-MOD DM
phantom models derived using Monte Carlo simulations, Equation (8-4).
fp =

D g (Wu )
D g ( BRTES − MOD )

(8-4)

Volumetric Factor

In order to calculate an individual specific Dg, other factors also need to be
evaluated, such as the compressed breast volume and anatomic features that affect
average glandular dose. The Wu DM phantom had a predefined volume, which was not
based on population study.56
Patient populations have a wider range of widths and PNL distances than those
used by Wu DM as shown in Chapter 6, so a volumetric factor (fv) is proposed to adjust
the average glandular dose for the patient compressed breast volume. The measurements
used for deriving the fv in this study were the compressed breast thickness as measured

250
with the mammography unit and measurements of breast width and PNL distances made
on craniocaudal (CC) mammography images as described in Chapter 6. The fv is a ratio
of the Dg based on patient measurements to the Dg based on Wu DM standard
measurements, equation (8-5).
fv =

D g ( Patient , w, PNL ,tb )
D g (Wu , w, PNL ,tb ( patient ) )

(8-5)

Anatomical Factor

Anatomical features that contribute to Dg are the pectoral muscle, intercostal
muscles and ribs, which are typically directly posterior to the breast. The anatomic factor
fa is a ratio of the Dg based on the ACR dose model without anatomic features to the Dg

based on the Wu DM dose model with anatomic features, equation (8-6).
fa =

D g ( Patient , w, PNL ,tb )
D g (Wu , w, PNL ,tb ( patient ) )

(8-6)

The Dg for an individual patient can then be derived using the following equation
(8-7).
Dg = DgN (GBRTES − MOD , HVL , tb , T / F , kVp ) ⋅ X ESE ⋅ f p ⋅ f v ⋅ f a

(8-7)

Materials and Methods
Monte Carlo Simulations

Monte Carlo simulations were used to investigate the impact on the average
glandular dose from the use of a homogeneous phantom, volumetric breast changes
(individual changes in PNL, width and compressed breast thickness), and anatomic
features of patients in the following paragraphs.
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The Monte Carlo Neutral Particle Code version 5 (MCNP-5) developed by the U.S.
Department of Energy was utilized in conjunction with polyenergetic mammography
spectrum generated using the Institute of Physics and Engineering in Medicine Report 78
(IPEM-78) spectrum generator software (SRS-78).10,136 MCNP-5 accounts for coherent
scattering, incoherent scattering, photoelectric effect absorption with florescence
emission and pair production.10
Phantom Factor

The comparison between the Wu phantom and the BRTES-MOD phantom was
performed to derive the fp. The comparison was performed using the phantom geometry
illustrated in figures 8-1(A and B) and setup geometry illustrated in figures 8-5(A and B).
The Dg was based on the same fibroglandular region in both phantoms, figure 8-1. The
phantom factor fp was evaluated by varying breast tissue glandularity from 0-100% in
10% increments and varying compressed breast thickness from 2 to 8 cm. In addition, a
BR 12 phantom, representative of a 50% glandular breast, was also evaluated for
comparison to Wu DM and BRTES-MOD DM phantoms. The spectrum used for each
glandularity corresponded to the spectrum used to image each of the BRTES-MOD
phantoms of the same compressed breast thickness and glandularity. The fp was
calculated as the ratio of the Wu DM Dg to BRTES-MOD Dg at the same unit parameters
and compressed breast thickness as described in equation (8-4).
Volumetric Factor

The volumetric factor (fv) was a ratio of the Dg from Wu DM phantom standard
geometry (18 cm width and 8 cm PNL) to the Dg of a Wu DM phantom with a variety of
widths and PNLs. The comparison was performed using the phantom geometry
illustrated in figure 8-1(A) and setup geometry illustrated in figures 8-5(A and C).
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To evaluate the change in Dg and dose to the adipose region as a function of width,
PNL, compressed breast thickness, the volumetric factor was plotted as a function of
region tissue mass. Region mass was calculated using equation (8-8).
Mass Re gion = PNL Re gion ⋅ width Re gion ⋅ t b _ Re gion ⋅ ρ Re gion ⋅ (π 4 )

(8-8)

The region mass is a function of PNL (PNLRegion), width (widthRegion), compressed
breast thickness(tb_Region) and tissue density (ρRegion) associated with each tissue
glandularity of the adipose and glandular regions of the phantoms. Phantom
glandularities evaluated were 67.8, 42.6, 25.4 and 16.2%, with compressed breast
thicknesses of 2, 4, 6 and 8 cm, respectively. The impact of the heel effect would be
greatest for large breasts extending beyond 8 cm PNL and 18 cm width. Therefore, the
heel effect was evaluated by repeating the volumetric comparisons using a HVL
increased by 5%. Terry et al. previously reported a range of 0.9 - 4.4 % increase in HVL
for the GE Senographe DMR unit.139
Anatomical Factor

The anatomic factor (fa) evaluated the effect on Dg of Wu DM phantom with and
without the retromammary adipose, pectoral muscle, ribs and intercostal muscles. The
comparison was performed using the phantom geometry illustrated in figure 8-1(A),
anatomic features illustrated in figure 8-3(D) and setup geometry illustrated in figure 83(A). Phantom glandularities evaluated were 67.8, 42.6, 25.4 and 16.2% with
compressed breast thicknesses of 2, 4, 6 and 8 cm, respectively.
In addition, the effect on Dg from x-ray field misalignment of 0.5, 1, and 2% was
evaluated for phantoms with compressed breast thicknesses of 2 and 4 cm and glandular
content of 67.8 and 42.6%. The x-ray field misalignment was equal to or less than the
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MQSA tolerance of 2% of the source-to-image receptor distance.12 The rectangular
collimation was adjusted to place the x-ray field on the anatomic features as illustrated in
figures 8-3(D).
Patient-specific Monte Carlo Simulations

The phantom, volumetric and anatomic factors for the study population subjects
were derived using a Monte Carlo simulation that utilized the patient-specific
mammography unit parameters and anthropometric measurements. The custom MCNP-5
simulation performed tracing of one million photon histories resulting in a glandular

(

)

region dose with a relative standard error σ / x less than 1%.
Monte Carlo Model Elemental Composition

The elemental composition of breast tissues (100% glandular, 100% adipose) used
in MCNP-5 simulations were described in International Commission on Radiation Units
and Measurements (ICRU) Publications 44 (ICRU-44) and mean values in ICRU
Publication 46 (ICRU-46).107,114 Phantom-specific glandular content was derived using
the per cent compositions of ICRU-46 100% adipose and 100% glandular tissues.
Monte Carlo Spectrum

The MCNP-5 spectrum was based on a clinical spectrum used to image a BRTESMOD phantom of the same compressed breast thickness and clinical geometry. The
quality of the clinical spectrum was measured using narrow-beam geometry. The 20°
target angle used in the MCNP-5 simulations matched the characteristics described for
General Electric mammography units. The MCNP-5 spectrum was modified to match the
clinical spectrum by filtering the SRS-78 generated raw spectrum with 0.69 mm of
beryllium (Be), 0.03 mm of molybdenum (Mo), 2.5 mm of polymethyl methacrylate
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(acrylic) and aluminum (Al). Al filter thickness and spectrum parameters are shown in
Table 8-1. The acrylic filter was utilized to simulate the compression paddle in the beam
path. After the MCNP-5 HVL matched the measured HVL by using the SRS-78
spectrum generator, the quality of the spectrum was verified using MCNP-5 geometry
with Al filters. The MCNP-5 source used a 22.5° conical x-ray beam. In order to
approximate the clinical conditions, such as the x-ray beam impinging normal to the chest
wall edge of the image receptor, the x-ray source and inverse-square intensity variations,
the MCNP-5 x-ray focal spot was placed directly over the chest wall and collimated to a
rectangular field, which effectively bisected the conical beam. MCNP-5 simulations
were performed tracing 100 million photon histories resulting in a glandular region dose

(

)

with 0.1% relative standard error σ / x .
Study Population and Selection Criteria

A three-month (Jan-Mar 2005) retrospective demographic study evaluated data
associated with 1040 mammography images from 253 patients seen at a U.S. Navy health
care facility in Jacksonville, Florida. The study population consisted of women who were
seen for screening mammography or because of a primary care physician referral for a
definitive diagnosis. The patients selected for the study had an American College of
Radiology (ACR) breast imaging reporting and data system BI-RADS® (BI-RADS)
assessment category of 1 (Negative) or 2 (Benign Findings) assigned to them by the
interpreting radiologist.11 Overall, BI-RADS® category 1 and 2 assessments are
indicative of a normal breast with no evidence of malignancies. In evaluating methods to
estimate breast glandularity, a subgroup of approximately 143 patients (CC view only)
was selected who were assigned a BI-RADS assessment category 1. The selection of the
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BI-RADS assessment category 1 patients reduced potential influence from benign
conditions on the inter-comparison of breast glandularity estimation methods.
Typical Mammographic Examination

The typical screening mammography examination consisted of four images taken
in two anatomical views, craniocaudal (CC) and mediolateral oblique (MLO), of the right
and left breasts. The mammography units used to image patients utilize an automatic
optimization parameters modality that optimizes unit parameters, by selecting the tube
potential (kVp), tube current-time product (mAs), target-filter combination (T/F).
Mammography Imaging

A General Electric Senographe-DMR (GE-DMR) or a GE Senographe-800T (GE800T) mammography unit provided the mammography x-ray fields used throughout the
study period. The Senographe-DMR uses a single-phase high-frequency generator and
an x-ray tube with a dual bi-metal track target of molybdenum (Mo) and rhodium (Rh).
The x-ray spectrum was filtered using Mo or Rh filters. The unit had a fixed source-toimage receptor SID distance of 660 mm and a focal spot of 0.3 mm. The Senographe800T uses a single-phase generator and an x-ray tube with a single track Mo target. The
x-ray spectrum was filtered using Mo or Rh filters. Both the GE-DMR and GE-800T
utilize a focal spot of 0.3 mm in routine clinical imaging. The GE-DMR and GE-800T
mammography units used an automatic optimization parameter (AOP) mode in clinical
imaging which prioritizes for dose reduction (AOP-D), image contrast (AOP-C) or the
standard, a compromise between dose reduction and contrast (AOP-S). The AOP selects
T/F, kVp, and mAs and through the use of a pre-exposure, which access the algorithm
using unit parameter and the radiographic thickness of the breast. The radiation emerging
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from the breast passes through the patient support table, the antiscatter grid, the cassette
front, film base before being absorbed by the intensifying screen and film emulsion.
Mammography Facility and Film Processing

As a U.S. Food and Drug Administration certified and American College of
Radiology (ACR) accredited facility, the studied facility maintained its operations in
accordance with Mammography Quality Standards Act (MQSA) and the ACR
Mammography Accreditation Program (ACR-MAP) requirements as described in the
ACR Mammography Quality Control Manual and promulgated in MQSA statutes.12,100
The facility performed their daily quality control activities and ensured that they were
within prescribed control limits prior to processing any patient images as is required by
MQSA and ACR-MAP.12 The Kodak Min-R 2000 screen-film system was used in
combination with a Kodak XOMAT 5000 RA film processor for image processing.
Digitization and Image Segmentation

The mammography images, along with the daily processor control films, were
digitized using a Kodak LS-75 (LS-75) film digitizer with a limiting resolution of 5 linepairs per mm.121 Mammography images were digitized at a resolution width of 2048
pixels, with the number of lines determined by film size. The matrix size for 18 cm x 24
cm film was 2048 (0.009 cm) ± 0 x 2811.85 (0.009 cm) ± 114.58 pixels and 24 cm x 30
cm film was 2048 ( 0.012 cm) ± 0 x 2628.20 (0.011 cm) ± 21.20 pixels. All digitized
mammography images were stored for image processing in a Digital Imaging and
Communications in Medicine (DICOM) format.
The data collected on each mammography images are shown in Table 8-2.
Tabulated data were compiled in paper form and subsequently transferred to a
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customized database program28). Statistical analysis was performed using SigmaStat
version 3.129). The Mann-Whitney (MW) rank sum test and the Kruskal-Wallis (KW)
one-way analysis of variance on ranks non-parametric statistical tests were utilized to
evaluate differences between two or more groups.135
Each digitized mammography image was manually segmented using ImageJ30)
image analysis software, version 1.34i, developed by the National Institutes of Health.122
The digitized mammography images were manually segmented into the whole breast,
breast edge, uniform and dense regions, illustrated in figure 8-1, as described in Chapter
6.
Free-in-air Entrance Skin Exposure

The ionization chamber used for free-in-air entrance skin exposure (Xese) was a
Victoreen NERO®31) mAx model 8000 radiation monitor with a mammography ion
chamber model 6000-529. The mammography ionization chamber has a metal-coated
polycarbonate window with a thickness of 9.5 mg cm-2 and an active volume of 3.3 cm3.
Three free-in-air entrance skin exposures, measurements were made 4 cm from the chest
wall, 3 cm above the image receptor assembly and centered transversely using narrowbeam geometry for all clinical tube potentials and tube current-time stations used in the
study-population patient mammograms. The average of the three free-in-air entrance skin
exposures (Xese(Ref)) as a function of tube current-time product was fitted to a linear
equation, by least squares fitting with each clinically used tube potential. Patient-specific
28

Microsoft Office Access 2003, Microsoft, Redmond, Washington

29

SigmaStat 3.1, Systat Software, Inc., Point Richmond, Ca

30

ImageJ, National Institutes of Health, Bethesda, MD

31

Inovision Radiation Measurements, 6045 Cochran Road, Cleveland, OH 44139-3303
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Xese was estimated by correcting Xese(Ref) by inverse-square to the patient compressed
breast thickness (tb).
Average Glandular Dose

The dose conversion factors (DgN) were based on a Sobol and Wu parametrization
algorithm.140 Dg was calculated for the three methods of determining per cent
glandularity (ACR BI-RADS, HTM and AVG) using equation (8-1). The ACR BIRADS, HTM and BRTES-MOD glandularity methods were previously described in
Chapter 7. The AVG method is based on the ACR method of calculating average
glandular dose that assigns a value of 50% to glandularity and 4.2 cm to compressed
breast thickness. The BRTES-MOD DM Dg, study-population Dg for a particular patient
was estimated using equation (8-9).
Dg = DgN (GBRTES − MOD , HVL, tb , T / F , kVp ) ⋅ X ESE ⋅ f p ⋅ f v ⋅ f a

(8-9)

All four methods utilize the HVL, tb, T/F, kVp used for the mammography image
of the study-population and the glandularity estimated by the method; except that AVG
method has glandularity of 50% and tb of 4.2 cm.
The fp, fv and fa were evaluated for each study-population patient using Monte Carlo
simulation and study findings. The ACR BI-RADS Dg calculation used the patient
compressed breast thickness and the radiologist-assigned tissue density category, as
described in Chapter 7. The HTM Dg calculation used the patient compressed breast
thickness and the estimated glandularity using the HTM method described in Chapter 7.

259
Results and Discussion
Monte Carlo Simulation HVL

Good agreement was observed between the HVLs determined for the MCNP-5
spectra and the measured HVLs, as illustrated in figure 8-6. For each pair, the HVL of the
MCNP-5 spectrum matched within 1.68% of the clinically measured HVL, as shown in
Table 8-1.
Heel Effect Impact of Dg

The heel effect was evaluated using narrow-beam geometry to measure spectrum
HVL at 4 cm centered on the chest wall and at 8 cm from the chest wall with no
detectable difference in HVL. The measurements were made to evaluate the magnitude
of the heel effect on the Wu DM phantom. As a result, no corrections were made for fp,
because the phantoms did not extend beyond 8 cm PNL. The impact on Dg from the heel
effect on breasts with lateral dimensions exceeding those of the Wu DM phantom were
examined for the calculation of fv. MCNP-5 simulations were performed for all the
breast sizes listed in Table 8-3 with an HVL increase of 5%. The percent difference in Dg
resulting from an increase of 5% in HVL was less than 3% as shown in figure 8-7 for all
the breast masses corresponding to dimensions listed in Table 8-3. Even though the
MCNP-5 simulation did not have a gradual increase in HVL from the chest wall as would
be found with the heel effect in a clinical environment, the 5% increase in HVL
simulation shows that the impact of the heel effect would be at most, 3%.
Phantom Factor

In the MCNP-5 evaluation, the dose to the glandular region in the Wu DM phantom
increased as a function of glandularity, whereas the dose to the adipose region decreased
as a function of glandularity, figure 8-8 through figure 8-12. The dose to the adipose
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region fell below the dose to the glandular region for glandularities above 60% for 2 cm
compressed breast thickness as shown in figure 8-8. In the BRTES-MOD DM phantom,
the dose to the outer region of the same thickness as Wu increased with increasing
glandularity, and the dose to the inner region decreased with increasing glandularity, for
all compressed breast thickness tested.
The findings for the Wu DM phantom indicate that the as glandularity increases in
the glandular region, the additional attenuation decreases the dose to the adipose region
which surrounds the glandular region. The effect seen in the BRTES-MOD DM phantom
shows that the increasing glandularity in the outer region reduces the dose absorbed in the
glandular region. The overall effect is that the fp for all evaluated compressed breast
thicknesses show an increase for all glandularities above 0% glandular content, indicating
that the Dg for the Wu DM model is always higher than that of a homogeneous phantom
Dg. The clinical impact of this effect is that using a homogeneous phantom to evaluate
dose must have a correction factor to compensate for the Dg effect seen in this study. If
the BRTES-MOD phantom is used in estimating glandularity, it would underestimate the
glandularity of the Wu DM phantom because of the lower attenuation properties of the
adipose layers as compared with the BRTES-MOD phantom.
BR 12 (50% glandularity) was used as a comparison to both the Wu DM and
BRTES-MOD DM phantoms. The BR 12 adipose-region dose consistently was higher
than either the BRTES-MOD or Wu DM phantoms, which is consistent with the higher
effective Z (≈ 7.14) of the BR 12 tissue composition, figure 8-8 through figure 8-12,
because of increased photoelectric interactions. The BR 12 glandular-region dose was
consistently higher than the BRTES-MOD and lower than the Wu DM phantoms, figure
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8-8 through figure 8-12. All compressed breast thicknesses evaluated indicated that the
Wu DM phantom had a higher dose than the homogeneous BRTES-MOD or BR 12
models, primarily because of the attenuating effect of the adipose region. Phantom
homogeneity had the largest impact on the smallest compressed breast thickness of 2 cm,
which showed that the homogenous phantom under-responds by as much as 12% with
increasing glandularity, as illustrated in figure 8-13, when compared to the Wu DM
phantom. As a comparison, fp(BR 12) (Dg(Wu DM) Dg(BR 12)-1) was also calculated for
BR 12 tissue composition. The Dg difference between Wu DM and BR 12 was less than
2% for the compressed breast thicknesses of 2 to 8 cm as illustrated in figure 8-14.
Overall, the difference in glandular region doses between the Wu DM phantom and the
BRTES-MOD phantom were sufficiently significant to warrant adjustment, given a
threshold of 5%.
Volumetric Factor

The volumetric factor (fv), or the compressed breast size effect, on Dg was
examined by utilizing the study population anthropometric measurements of the breast
PNL and width shown in Table 8-3. The Wu DM phantom geometry (PNL, width) was
consistent with the study-population compressed breast thickness of less than 3 cm as
shown in Table 8-3. Dg varied as a function of breast mass (equation 8-8) as illustrated in
figure 8-15 through figure 8-18 for a given compressed breast thickness. Overall, the Dg
increase to a peak then decrease with increasing breast mass. The change is most
dramatic in compressed breast thickness of 2 cm. The primary effect in the large breasts
is attributed to the decrease of intensity in the x-ray field. The effect seen in the small
breasts is due to the loss of scattered radiation as the volume decreases. In general, fv
ranges from a 0.28% increase to a 2.68% decrease as a function of breast mass over the
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range of 37 - 2700 gm, illustrated in figure 8-19 through figure 8-22. The largest
decrease (2.68%) occurred with the 2 cm compressed breast size having a 2 cm PNL and
12 cm width. The largest increase (0.28%) occurred with 8 cm compressed breast size
having a 12 cm PNL and 24 cm width. The change in Dg is consistent with the data
reported by Wu et al.56 The clinical implication of this finding is that there is a decrease
in Dg for small breasts and an increase in Dg for large breasts when compared to the
standard size phantom used by Wu DM. Current mammography systems do not adjust for
breast dimensions other than compressed breast thickness.
Anatomical Factor

The presence of anatomic features such adipose layer, pectoral muscle and ribs,
illustrated in figure 8-3(D) with proper x-ray field alignment resulted in a fa of only 1.01
± 0.002 which was independent of the evaluated kVp, HVL, tb, or glandularity. However,
it was when the x-ray field was misaligned by 2.0% as shown in figure 8-23 that the
greatest impact on Dg from the anatomic features was seen with a change of fa as much as
4%. The clinical impact of this finding is that anatomic features outside of the breast do
not contribute to the Dg unless there is x-ray field misalignment greater than that
prescribed by the MQSA. In the calculation of BRTES-MOD Dg, fa is therefore assigned
a value of one, indicating no significant contribution resulting from the adipose layer,
pectoral muscle, and ribs of the patient.
Free-in-air Entrance Skin Exposure

The entrance skin exposure was calculated from equation (8-11) with the regression
equation parameters listed in Table 8-4. The Xese(Ref) as a function of mAs was linear
regardless of kVp, with R2 >0.999. The Xese for patients was determined by inversesquare correction to tb.
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Average Glandular Dose

Application of the BRTES-MOD dose calculation, equation (8-14), was performed
on the study population by determining fp and fv factors in MCNP-5 simulation for each
individual patient. Because the anatomic factor had less than 1% impact on Dg, it was
assigned a value of 1.0 for all patients in the study population.
The average glandular dose distribution for all four glandularity methods is
illustrated in figure 8-24. Descriptive statistics for Dg are shown in Table 8-5. The
BRTES-MOD DM had the second highest mean Dg at 2.4 ± .61 mGy. The differences in
median values among BRTES-MOD, histogram and AVG methods were not statistically
significant, (p=0.056, KW). The trend of the Dg as a function of compressed breast
thickness, illustrated in figure 8-25, show that the AVG method underestimates doses for
compressed breast thicknesses of less than 4.8 cm and overestimates doses for
compressed breast thickness greater than 4.8 cm. The AVG method may be sufficient for
evaluating mammography units and mammography facilities in their compliance with
MQSA regulations, but it is clearly insufficient for estimating Dg to individual patients
because of the trend seen in the scatter plot shown in figure 8-5. The differences amongst
the remaining three methods of estimating Dg are based on the inaccuracies of their
methods to estimate glandularity.
The BRTES-MOD DM methodology bases its glandularity on a standard tissueequivalent-phantom series, mammography unit and image detector. The tissue equivalent
phantom series is traceable to elemental compositions of adipose and glandular tissues
defined in ICRU-46. The BRTES-MOD DM method does not rely on the user for any
decision to estimate glandularity, unlike ACR BI-RADS and HTM methods. The ACR
BI-RADS relies on the radiologist's interpretation of the ACR density categories. The
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HTM method relies on the user to decide the threshold difference between 100% adipose
and 100% glandular tissue. The best method to illustrate the BRTES-MOD DM method
is by providing an example for a patient in the study population, shown in Table 8-6. The
fp, fv, fa product relating to the use of a homogeneous phantom, breast size and anatomic

features accounted for approximately 6% increase the Dg for in this patient. The clinical
application of the BRTES-MOD methodology would provide patients with average
glandular doses that are patient-specific and documentable.
Conclusions

This study describes a method to utilize a homogeneous phantom such as the
BRTES-MOD phantom to determine the average glandular dose Dg of the breast. The
method adjusts for the use of the homogeneous phantom (fp), breast volume (fv), and
anatomic features (fa) that may contribute to Dg. The study shows that the use of a
homogeneous phantom fp to measure glandularity can underestimate the Dg by as much
as 11% for a compressed breast thickness of 2 cm and glandularity of 90%. Clinically,
given a glandularity range of 10-90%, the use of a homogeneous phantom could
underestimate the Dg by a range of 1-11%. The impact of breast size fv on Dg had a range
of 0.3% increase to 2.7% decrease as a function of compressed breast thickness, PNL and
width. The anatomic features fa such as subcutaneous adipose, pectoral muscle and ribs
would be pertinent only if misalignment of x-ray field is beyond acceptable standards;
otherwise, it affects Dg by less than 1%. In evaluating the clinical population, only fp, and
fv were utilized because the fa effect on Dg was negligible.

Even though the BRTES-MOD DM method Dg was found to have a similar trend
in Dg as the ACR BI-RADS and HTM methods, it provides a quantitative method that
eliminates individual judgment variation inherent to these other systems.
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The application of the BRTES-MOD protocol in a clinical setting would proceed as
follows:
1. The patient arrives and receives the typical mammographic examination.
2. Dosimeters are placed on the underside of the compression paddle adjacent
to the breast to measure the entrance skin exposure.
3. While the patient waits, the technologist images the BRTES-MOD step
phantom and processes all images.
4. The digital version of the mammogram is segmented as described in
Chapter 6 by the technologist using a automated computer routine.
5. Glandularity is estimated from the digitized mammogram and step phantom
images as described in Chapter 7 by the technologist using a computer
program.
6. A MCNP-5 simulation using the measurements of estimated glandularity,
compressed breast thickness, PNL, width and mammography unit
parameters is used to estimate the fa, fv, and fa as describe in this Chapter to
determine Dg for the patient by the technologist using a computer program.
7. The Dg calculated using equation (8-14) is documented as part of the
mammogram record.
Thus, clinical application of the BRTES-MOD system would provide patients with
average glandular doses that are patient-specific and documentable. Additionally,
clinical application of this system would provide the information needed to improve
existing radiation-risk models, so that they would be based on actual patient population
data.
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Figure 8-1. (A) Wu DM breast model showing the adipose and fibroglandular regions and
dimensional measurements (B) BRTES-MOD breast model showing the
dimensional measurements. Dg is measured in the inner region shown in both
models, which represents the homogeneous fibroglandular region of the breast

267

Mo/Mo, 25 kVp, HVL: 0.35 mm Al, 2cm
Mo/Mo, 27 kVp, HVL: 0.36 mm Al, 4cm
Mo/Rh, 27 kVp, HVL: 0.42 mm Al, 6cm
Mo/Rh, 30 kVp, HVL: 0.46 mm Al, 8cm

0.45
0.40

DgN(mGy/mGy)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.0

0.2

0.4

0.6

0.8

1.0

Glandularity (fraction)

Figure 8-2. Average glandular dose conversion factors DgN as a function of breast
glandularity for the spectrum used to image the BRTES-MOD phantom.
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Figure 8-3. (A) BRTES-MOD step phantom measurements. (B) BRTES-MOD phantom
wedge measurements. (C) BRTES-MOD step phantom glandularity. (D) The
typical clinical geometry used for the BRTES-MOD step phantom.
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Figure 8-7. The percent difference of average glandular dose, Dg, as a function of mass
resulting from 5% increase in half-value layer.
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Figure 8-8. Adipose and glandular region doses of MQSA, BRTES-MOD and BR 12
phantoms as a function of breast tissue glandularity for a compressed breast of
2 cm with a Mo/Mo spectrum at 25 kVp.
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Figure 8-9. Adipose and glandular region doses of MQSA, BRTES-MOD and BR 12
phantoms as a function of breast tissue glandularity for a compressed breast of
3.3 cm with a Mo/Mo spectrum at 26 kVp.
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Figure 8-10. Adipose and glandular region doses of MQSA, BRTES-MOD and BR 12
phantoms as a function of breast tissue glandularity for a compressed breast of
4 cm with a Mo/Mo spectrum at 27 kVp.
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Figure 8-11. Adipose and glandular region doses of MQSA, BRTES-MOD and BR 12
phantoms as a function of breast tissue glandularity for a compressed breast of
6 cm with a Mo/Mo spectrum at 27 kVp.
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Figure 8-12. Adipose and glandular region doses of MQSA, BRTES-MOD and BR 12
phantoms as a function of breast tissue glandularity for a compressed breast of
8 cm with a Mo/Mo spectrum at 30 kVp.
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Figure 8-13. Phantom factor for 2, 3.3, 4, 6, and 8 cm compressed breast phantoms as a
function of breast tissue glandularity.
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Figure 8-14. Phantom factor, BR 12, as a function of compressed breast thickness.
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Figure 8-15. Adipose and glandular region doses of Wu phantom as a function of breast
mass for a compressed breast of 2 cm, 67.8% glandularity, using a Mo/Mo
spectrum at 25 kVp.
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Figure 8-16. Adipose and glandular region doses of Wu phantom as a function of breast
mass for a compressed breast of 4 cm, 42.6% glandularity, using a Mo/Mo
spectrum at 27 kVp.
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Figure 8-17. Adipose and glandular region doses of Wu phantom as a function of breast
mass for a compressed breast of 6 cm, 25.4% glandularity, using a Mo/Rh
spectrum at 27 kVp.
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Figure 8-18. Adipose and glandular region doses of Wu phantom as a function of breast
mass for a compressed breast of 8 cm, 16.2% glandularity, using a Mo/Rh
spectrum at 30 kVp.
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Figure 8-19. Volumetric factor as a function of breast mass for a compressed breast of 2
cm.
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Figure 8-20. Volumetric factor as a function of breast mass for a compressed breast of 4
cm.

286

1.004

fv (DoseWu (size) DWu (std size)-1)

1.002
1.000
0.998
0.996
0.994
0.992
0.990
0.988
0.986
0.984
200

400

600

800

1000

1200

1400

1600

1800

2000

Mass (gm)

Figure 8-21. Volumetric factor as a function of breast mass for a compressed breast of 6
cm.
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Figure 8-22. Volumetric factor as a function of breast mass for a compressed breast of 8
cm.
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Table 8-1. Spectra used in population evaluation and MCNP-5 simulations.
HVL
HVL
Mammography Tube
Measured MCNP-5
Unit
Target Filter
kVp
(mm Al) (mm Al) Diff(%)
GE800T
Mo
Mo
26
0.3577
0.3562
0.42
GE800T
Mo
Mo
27
0.3578
0.3575
0.08
GE800T
Mo
Mo
28
0.3680
0.3668
0.33
GE800T
Mo
Mo
29
0.3867
0.3819
1.24

Al
Filter
0.1690
0.1304
0.1330
0.1702

GE800T
GE800T
GE800T
GE800T
GE800T

Mo
Mo
Mo
Mo
Mo

Rh
Rh
Rh
Rh
Rh

27
28
29
30
32

0.3946
0.4239
0.4356
0.4480
0.4653

0.3884
0.4223
0.4313
0.4448
0.4636

1.57
0.38
0.99
0.71
0.37

0.0610
0.1270
0.1382
0.1570
0.1755

GEDMR
GEDMR
GEDMR

Mo
Mo
Mo

Mo
Mo
Mo

26
27
28

0.3594
0.3578
0.3679

0.3559
0.3575
0.3667

0.97
0.08
0.33

0.1755
0.1304
0.1325

GEDMR
GEDMR
GEDMR
GEDMR

Mo
Mo
Mo
Mo

Rh
Rh
Rh
Rh

26
27
28
30

0.4179
0.4158
0.4481
0.4562

0.4109
0.4125
0.4444
0.4516

1.68
0.79
0.83
1.01

0.1852
0.1338
0.2210
0.2015
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Table 8-2. Data collected in the retrospective study.
Collected Data Descriptor
Characteristics
®
BI-RADS Assessment Category
Cat 1 or Cat 2 (only)
Note: Assigned by interpreting radiologist
®
BI-RADS Density Category
<25%, 25-50%, 51-75%, >75%
Note: Assigned by interpreting radiologist
Mammography Technician Code
Anonymity maintained in study
Interpreting Radiologist Code
Anonymity maintained in study
Individual Age
If 89 years old of greater assigned "≥89"
Hormone replacement status
Yes or No
Radiographic Positioning
Cranialcaudal (CC) and mediolateral
oblique (MLO) views, left (L), right (R)
Codes: LCC, LMLO, RCC, RMLO
Radiographic Unit
GE-800T or GE-DMR
Compressed Breast Thickness
Distance in millimeters (mm)
Compression Pressure
Pressure in decaNewtons (daN)
Radiographic Unit Operating Mode
AOP-S, AOP-C, AOP-D, AEC
Tube Potential
kVp
Tube Current-Time Product
mAs
Focalspot size
0.1 mm or 0.3 mm
Target
Mo or Rh
Filter
Mo or Rh
Positioning Angle
Degrees

Table 8-3. Craniocaudal population demographics of breast volumetric parameters and PNL, width and volume selected for MCNP-5
simulations.
Compressed Breast Thickness (CBT) Range (cm)
<3
3-5
5-7
>7
MCNP-5 CBT (cm)
2
4
6
8
Population CBT (cm)
2.23 ± 0.70
4.06 ± 0.55
5.61 ± 0.50
7.37 ± 0.10
Population PNL (cm)
8.44 ± 3.16
9.89 ± 2.71
11.38 ± 2.96
11.73 ± 1.45
Population width (cm) 18.55 ± 3.55
20.74 ± 2.65
22.38 ± 2.94
24.05 ± 2.79
N
44
283
168
6
PNL
(cm)
2
5
8
12
15

Width
(cm)
12
15
19
22
25

Volume
(cm3)
37.70
117.81
238.76
414.69
589.05

PNL
(cm)
5
7
10
13
15

Width
(cm)
16
18
21
23
26

Volume
(cm3)
251.33
395.84
659.73
939.34
1225.22

PNL
(cm)
6
8
11
14
17

Width
(cm)
17
19
22
25
28

Volume
(cm3)
480.66
716.28
1140.40
1649.34
2243.1

PNL
(cm)
9
10
12
13
15

Width
(cm)
19
21
24
27
30

Volume
(cm3)
1074.42
1319.47
1809.56
2205.40
2827.43
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MCNP-5
Simulation Parameters
2σ
1σ
Mean
1σ
2σ
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Table 8-4. Fitting parameters for entrance skin exposure reference measurement.
Tube
X ese (Re f ) (kVp ) = a ⋅ mAs + b
Mammographic
Potential
unit
T/F
(kVp)
a
b
Rsqr
GE800T
Mo/Mo 26
8.02
-2.19
0.99999
GE800T
Mo/Mo 27
9.05
2.00
0.99999
GE800T
Mo/Mo 28
10.19
2.67
0.99990
GE800T
Mo/Mo 29
11.29
12.03
0.99997
GE800T
GE800T
GE800T
GE800T
GE800T

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

27
28
29
30
32

7.57
8.67
9.70
10.76
13.30

11.69
2.34
8.78
13.37
-11.22

0.99997
0.99988
0.99979
0.99990
0.99999

GEDMR
GEDMR
GEDMR

Mo/Mo
Mo/Mo
Mo/Mo

26
27
28

8.95
10.13
11.44

-3.39
-5.02
-6.54

1.00000
0.99997
0.99987

GEDMR
GEDMR
GEDMR
GEDMR

Mo/Rh
Mo/Rh
Mo/Rh
Mo/Rh

26
27
28
30

7.02
8.01
9.15
11.32

-2.13
-1.12
-18.58
-12.94

0.99996
1.00000
0.99998
0.99996

Table 8-5. Study population descriptive statistics of Dg for the four methods of estimating glandularity.
Method
BRTES-MOD
ACR BI-RADS
Histogram
ACR Standard

Size
282
282
282
282

Mean
mGy
2.40
2.24
2.42
2.37

mrad
240.43
223.57
242.23
237.19

Std Dev
mGy mrad
0.61 60.63
0.53 52.89
0.63 62.63
0.91 90.91

Std. Error
mGy mrad
0.04 3.61
0.03 3.15
0.04 3.73
0.05 5.41

Range
mGy
4.41
3.39
4.69
6.38

mrad
440.67
339.01
469.46
638.41

Max
mGy
5.42
4.36
5.72
6.98

mrad
541.98
436.01
571.96
697.70

Min
mGy
1.01
0.97
1.02
0.59

mrad
101.32
97.01
102.49
59.29

Median
mGy mrad
2.31 230.54
2.19 219.17
2.36 236.24
2.21 220.90
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Table 8-6. The table lists the Parameters and Dg calculation using the BRTES-MOD DM
method using equation (8-14).
Description
Equation (14) Mammogram
Symbol
Data
Radiographic Position
LCC
RCC
Age (years)
56
Mammography Unit
GE-800T
Target/Filter
Mo/Mo Mo/Mo
T/F
Tube Potential (kVp)
28
28
kVp
HVL (mm Al)
0.37
0.37
HVL
Tube-current time product (mAs) mAs
90
99
Compressed Breast Thickness
3.3
3.4
tb
(cm)
Skin entrance exposure (mGy)
8.02
8.85
Xese
Fibroglandular content (%)
51.38
55.74
G
DgN (mGy mGy-1)
0.26
0.27
DgN
PNL (cm)
6.15
6.51
Width (cm)
18.32
18.18
Factors product fp·fv·fa
fp·fv·fa
1.05
1.06
BRTES-MOD Dg (mGy)
2.15
2.50
Dg
Total CC Dg
4.65

CHAPTER 9
CONCLUSIONS AND FUTURE WORK
Conclusions

In this dissertation a dosimetry protocol was developed to provide patient-specific
average glandular dose for clinical mammography. The protocol was designed to be
performed in the period of time that it takes for a patient to go through a typical
diagnostic mammography imaging session.
Chapters 3 and 4 provided a comprehensive evaluation of MOSFET and FOCD
dosimeters for use in measuring the entrance skin exposure, Xese, during mammography
imaging. Both dosimeter types are clinically applicable in the mammography energy
range. However, FOCD performance was superior to that of the MOSFET in angular
response, sensitivity, reproducibility, and lifespan. The axial angular response in the
MOSFET dosimeter showed reduced signal between 120° to 150° and 190° to 220° while
the FOCD dosimeter showed no significant anisotropy. The MOSFET also displayed an
unexpected behavior in which a device would randomly fail, to providing a measurement
or display an extremely low measurement when compared to adjacent dosimeters of the
same model. MOSFET dosimeter sensitivity showed a 9.52 ± 8.28 % energy dependence
for all target/filter combinations and dosimeter models tested while the FOCD dosimeter
showed a 4.62 ± 2.10 % energy dependence. The MOSFET dosimeter had an overall
reproducibility of 25.95 ± 8.28 % for all target/filter combinations and dosimeter models
tested while the FOCD dosimeter had an overall reproducibility 1.07 ± 0.68 %. Lastly,
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the MOSFET dosimeter has a maximum lifespan of 20,000 mV accumulated dose,
whereas the FOCD is reusable.
Chapter 5 presented the homogeneous BRTES-MOD phantom, a breast tissue
equivalent series of phantoms that closely mimic the radiological characteristics of
ICRU-44 referenced tissues and anthropometric dimensions of a compressed breast in
mammography applications. The modifications performed to the BRTES phantom series
improved the overall homogeneity by changing the type of microspheres used and
reducing the incorporated air by mixing under vacuum. The BRTES-MOD also had the
added benefit of having the same geometric dimensions of an Wu dosimetric phantom
with a range of glandularities. Doses predicted on this series of phantoms are more
representative of the patient population. The BRTES-MOD phantom series outperformed either acrylic or BR 12 when evaluated on µ ρ-1 and µen ρ-1 ratios to ICRU-44
reference tissues. Further refinement is needed for the 100% glandular and 100% adipose
BRTES-MOD to further reduce the differences to ICRU-44 reference tissues. The
BRTES-MOD phantom series provides the platform to perform patient glandularity
referenced measurements and individual patient doses in the clinical environment. A
potential use for the BRTES-MOD phantom is to supplement the ACR phantom to
evaluate AGD for a variety of glandularities providing a better assessment of the AGD
that may be delivered to a variety of patients.
In Chapter 6, a retrospective study was conducted to determine the anthropometric
measurements of an average breast using a mammogram. The goal of the retrospective
study was to define the average breast and the distribution of parameters for a clinical
population, the results of which are shown in tables 6-10 and 6-11. The data provided the
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anthropometric data for developing realistic phantoms. In addition, the data provided
evidence that the current NCRP, MQSA and ACR dosimetry-model linear dimensions are
too small to accurately describe the study population. The retrospective study did not
take into account several factors that might influence the anthropometric measurements
of a population, such as race, menopausal status and body index measurements.
The anthropometric measurements of this study population did clearly show that
adipose tissue increases with age and compressed breast thickness. The study presented
evidence that CC and MLO are two distinct image groups. This makes it important to
distinguish the two views in population studies in contrast with previous studies that
combined the views as a single aggregate group.29,30,60,81,119,128 In this study, the CC and
MLO views constituted two statistically separate groups in compression pressure,
compressed breast thickness, tube potential and tube current-time product. The
underlying reason for these differences is the anatomical exclusion or inclusion of the
pectoral muscle in CC and MLO views respectively.
The current ACR model estimates the geometry of the breast in CC view as
semielliptical, which was consistent with the data in this study. Equations 6-3 and 6-4
were derived to estimate the whole breast area of CC and MLO views based on
measurements of the PNL, width, CCD, and axilla. The equations facilitated the
development of anatomically correct mammography phantoms.
The estimated measurement of the skin layer indicates that current models that
assume a 0.4 cm skin layer need to be revised. The smaller skin layer of 0.2 cm found in
this study would result in lower glandular doses when current dose conversion factors are
used.
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In addition, the assessment of the most probable location of the dense part of the
breast allows the determination of the optimal position for the AEC sensor with respect to
the dense tissue for the patients for whom previous films do not exist or cannot be
accessed. The most probable location was defined with respect to the PNL. The PNL
Ratio was derived by dividing the PNL distance by the distance of the dense tissue region
centroid from the chest wall. The use of the PNL Ratio could directly contribute to
reducing retake rates for new patients. The retrospective study clearly demonstrated the
potential benefit of characterizing patient populations to define anthropometric
parameters for the manufacturing of anatomically-correct phantoms.
Chapter 7 compared several methods of estimating glandularity using the study
population of Chapter 6 and the BRTES-MOD phantom series of Chapter 5. In this
study, the BRTES-MOD TET method was introduced as a quantitative method of
estimating patient glandularity. This method was compared to the ACR BI-RADS, PM,
HTM, and TLM methods for a single study population.
Mammography dosimetry requires a reproducible and reliable method of estimating
breast glandularity to establish a documentable standard. The BRTES-MOD TET method
is proposed as the method that could provide an estimate of glandularity that is traceable
to a standard tissue equivalent phantom.
The advantage of the BRTES-MOD TET method of over ACR BI-RADS is that it
is quantitative and does not rely on the user's training and experience to predict
glandularity. Even though planimetry method (PM) was designed to be a quantitative
measure of the user's training and experience, it also relied on the user and reduced the
range of glandularity to a binary choice of 100% glandular or 100% adipose. The HTM
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improved reproducibility over the PM method, but it still reduced the range of
glandularity to a binary choice. The TLM was the first non-user-dependent quantitative
system, but in this study the underlying premise that AEC systems provide unique
exposures based on glandularity and breast thickness turned out to be false. TLM was
unable to reliably predict breast glandularities of small (<3cm) and large (>7 cm)
compressed breasts.
The BRTES-MOD TET method does require careful application when applied to
screen-film mammography, in order to ensure that sensitometry does not interfere with
the method results. The issue is avoided when the phantom images are taken
immediately after patient imaging. Application of this method in a digital environment
would reduce the number of steps required to achieve a result, since it would not require
the user to digitize the images. Also further development is needed in adapting the
method to enable the application to MLO views, which include the pectoral muscle.
Even though not directly compared in this study, the advantages of the BRTESMOD TET method over the volumetric method proposed by Pawluczyk et al. is that each
mammogram has an individual calibration instead of using a single calibration curve as
proposed by Pawluczyk et al. 47 The BRTES-MOD TET method also did not require
correction for field nonuniformity effects.
Chapter 8 integrates the BRTES-MOD method steps from the previous chapters to
evaluate the CC-view average glandular dose which was then compared to commonly
used methods of determining AGD. In this chapter, a method was described that utilizes
a homogeneous phantom, the BRTES-MOD, and Monte Carlo simulations to determine
the average glandular dose of the breast. The method adjusts for the use of the
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homogeneous phantom (fp), breast volume (fv), and anatomical features (fa) that may
contribute to Dg. The study showed that the use of a homogeneous tissue phantom to
measure glandularity can result in underestimating Dg by as much as 11% for a
compressed breast thickness of 2 cm and glandularity of 90%. The range of the impact of
breast volume had on Dg was 0.3% decrease to 2.7% increase as a function of
compressed breast thickness when compared to the Dg of the Wu DM phantom.
Anatomical features such as retromammary adipose, pectoral muscle, ribs and intercostal
muscles would affect Dg only if misalignment of the x-ray field is an issue; otherwise, it
would affect Dg by approximately 1%. In evaluating the clinical population, only fp, and
fv were utilized because the fa effect on Dg was negligible in magnitude to other

uncertainties.
Even though the BRTES-MOD method Dg was found to have similar trend in Dg
as the ACR BI-RADS and HTM methods, it provides a quantitative method that
eliminates the variations resulting individual judgment that is inherent to the other
systems.
The application of the BRTES-MOD protocol in a clinical setting would proceed in
the following manner. The patient arrives and receives the typical mammographic
examination. During the positioning of the patient, the technologist would place
dosimeters on the underside of the compression paddle, adjacent to but not in contact
with breast to measure the entrance skin exposure as described in Chapters 3 and 4. After
the patients examination; the technologist images the BRTES_MOD step phantom and
processes all images. The digitalized mammograms would be automatically segmented
as described in Chapter 6. Glandularity would be estimated from the digitized
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mammogram and step phantom images as described in Chapter 7. Tabulated values or a
MCNP-5 simulation using the patient-specific measurements of estimated glandularity,
compressed breast thickness, PNL, width and mammography unit parameters would be
used to estimate the fa, fv, and fa as describe in Chapter 8. The Dg would be calculated
using equation (14) and documented as part of the mammogram record. The collected
information would provide the data needed for epidemiological studies that would
improve BEIR V radiation-risk models, given that mammography represents a healthy
population that receive a reoccurring x-ray exposure.
Future Work

The protocol presented in this dissertation provides the framework necessary to
measure individual average glandular dose during a clinical mammography imaging
session. This method has been developed and demonstrated for two models of GE
mammography units (800T and DMR), and future work can assess the applicability to
other models of mammography units. The logical progression of the protocol
development will be its applicability in a digital environment and evaluating it in a
prospective clinical study. Developments in the areas of dosimetry, population studies,
phantom construction, estimating glandularity and average glandular dose calculation
will further build upon the protocol developed in this dissertation in order to make it
applicable in the digital mammography environment.
Dosimetry

The dosimeters evaluated in Chapters 3 and 4 provide a platform to implement the
protocol in a clinical application. However, with the emergence of digital
mammography, further studies are needed to evaluate the capability of using the exposure
to the computed radiography plates or the direct digital radiography image receptors to
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measure the entrance skin exposure. One advantage to the method described in this
dissertation would be not having a foreign object in the image field; a second would be
the linear dose-response of the detector.
Phantom Manufacturing

The phantom developed in Chapter 5 provided a reliable methodology to
manufacture tissue-equivalent phantoms. However, further research is needed in scaling
up the manufacturing techniques to reduce manufacturing times.
Population Demographic and Anthropometric Studies

The retrospective study clearly demonstrated the potential benefit of characterizing
patient populations to define anthropometric parameters for manufacturing anatomicallycorrect phantoms and to provide insights into the effect anatomical features have on
dosimetry. However, the retrospective study conducted in Chapter 6 lacked the
demographic information that might influence some anthropometric measurements of the
breast, such as body mass index and race. A future prospective study would enable the
collection of the demographic data in conjunction with anthropometric measurements to
enable an average breast to be defined for more specific mammography populations. The
demographic data would provide the information necessary to estimate the applicability
of phantoms to screening mammography populations nationwide. The prospective study
size needs to ensure that sufficient numbers of large (>7 cm) and small (<3 cm) breasts
are included to improve on the current retrospective study anthropometric measurements
standard deviations.
In addition, the current dosimetric models used by the NCRP and ACR were
developed with assumptions that have not been verified in population studies prior to this
study. Some of the important dosimetry factors include lateral skin layer thickness and
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breast area measurements. Further research is needed to explore the use of magnetic
resonance mammography or dedicated breast CT to measure the biological structures in
the breast to develop a three-dimensional anatomy that could be adopted in epoxy-resin
phantoms and dosimetric models. These biological structures could provide the ability to
refine measurements of glandularity and calculate dose down to the radiosensitive
glandular unit, TDLU.
Breast Tissue Fibroglandular Content

The fibroglandular content estimates used in Chapter 7 were based on digitized
screen-film mammography. Extension of this protocol to the purely digital environment
would enable the adoption of adjustable contrast, linear exposure response, and
correction for image inhomogeneities relating to heel effect, inverse-square law effects
and varying compressed thickness of the breast. An added benefit of the digital
environment would be to eliminate the film processing issues discussed in Chapter 7.
Individual Average Glandular Dose

The average glandular dose calculated in Chapter 8 showed the potential
application of Monte Carlo simulations for clinical mammography. Monte Carlo model
development of the fine structures in the breast would enable dose calculations down to
the basic radiosensitive unit of the breast, for example, the fibroglandular tissues.
Another aspect on this research that has a direct impact on the AGD is the skin layer
thickness. Given the measurements made in this study, new dose conversion tables will
be needed.
Dissertation Derived Peer Reviewed Journal Articles

The dissertation will be published in five separate peer reviewed journal articles.
The status of each journal article is as follows:
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1.

Characterization of MOSFET Dosimeters for Application in Clinical
Mammography journal article was submitted to Medical Physics and currently in
review process.

2.

Characterization of Fiber-Optic-Coupled Detector for Dosimetry in Clinical
Mammography journal article has been written and is currently being reviewed by
the authors.

3.

Anthropometric Variations in Mammography journal article has been written and is
currently being reviewed by the authors.

4.

Estimating Breast Glandularity journal article has been written and is currently
being reviewed by the authors.

5.

Average Glandular Dose Based on Homogeneous Phantom journal article has been
written and is currently being reviewed by the authors.

The soon-to-be-published BEIR VII: Health Risks Exposures from Exposure to Low
Levels of Ionizing Radiation still indicates that it will rely on small studies (16-17,202

cases) that have relatively high average doses (0.11 - 5.8 Gy) when compared to
screening mammography.141 This dissertation provides the ability to document the
individual specific doses providing future epidemiological studies the data needed to
improve the methods of estimating the risk associated with ionizing radiation used in
mammography.

APPENDIX
MCNP-5 INPUT FILES
This appendix delineates the MCNP-5 input files used thorough the current study to
evaluate spectra half-value layer, effects of tissue layering, fp, fv, and fa . The specific
details of the MCNP-5 input file is delineated in the chapter 3 of user's manual that is
furnished along with the software.10 MCNP-5 was operated on Windows XP operating
system32 . The general format used for MCNP-5 input files is listed below;
Title Card-File description
Cell Cards- Material Card and Geometry Reference
Blank Line Delimiter-required
Surface Cards-Geometry
Blank Line Delimiter-required
Data Cards
X-ray Source Definition
X-ray Source Spectra, derived from SRS-78
Vol Card- volume cards
Tally- Measurements such as fluence and dose
Mesh- Photon fluence measured in structured mesh
Material Card-elemental compositions of materials
Nps-histories to evaluate
Blank Line Terminator-required
The following pages list representative sample of all input files used in this
research followed by the x-ray- energy spectra histograms and material cards from used

32

Microsoft Corporation, One Microsoft Way, Redmond, Washington 98052-6399
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Free in Air Measurement MCNP-5 Input File

Figure B-1 illustrates geometry used for free-in-air measurements.
C ****Cell Cards**Free in air Evaluation ***************
C Cylinder Encircling World
5 2 -0.001205 -21 #10 #11 #12 #13 IMP:P 1
C Void Outside World
7 0 21 IMP:P 0
C Collimator
10 0 -20 #11 IMP:P 0
11 2 -0.001205 -19 IMP:P 1
C Compression Paddle
12 2 -0.001205 -31 IMP:P 1
C Detector
13 2 -0.001205 -32 IMP:P 1
C Surface Cards
C Collimator
19
rpp -5 5 -12.5 -5.19 47.3625 47.68
20
rcc 0 0 47.3625 0 0 0.3175 30
C Cylinder Emcopassing World
21
rcc 0 0 -10 0 0 110 30
C Compression Paddle
31
rcc 0 0 45 0 0 0.3175 30
C Free in Air detector 6cc 0.00025in 0.7mg/cm^2
32
rcc 0 -11.1180234 0 0 0 1 1.381976598
SDEF DIR d1 POS 0 -12.0 66.00 ERG d2 PAR 2 Vec 0 0 -1
mode p
C -1, Cos of angle, 1 (angle is 22.5 deg)
Si1 -1 0.923879533 1
C 0, (1+costheta)/2, (1-costheta)/2
Sp1 0 0 1
#
Si2 Sp2
C Spectra Energy Histogram Derived From SRS-78
C Talley Cards
Vol 5J 6.0
C Talley for Dose in F6-MeV/gm
F6:p 13
C Material Cards
nps 100000000
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Free in Air Measurement with Aluminum MCNP-5 Input File

Figure B-1 illustrates geometry used for free-in-air measurements.
C ****Cell Cards**Free in Air w/Al***************
C Cylinder Encircling World
5 2 -0.001205 -21 #10 #11 #12 #13 #14 IMP:P 1
C Void Outside World
7 0 21 IMP:P 0
C Collimator
10 0 -20 #11 IMP:P 0
11 2 -0.001205 -19 IMP:P 1
C Compression Paddle
12 2 -0.001205 -31 IMP:P 1
C Detector
13 2 -0.001205 -32 IMP:P 1
C HVL Filter
14 8 -2.7 -33 IMP:P 1
C Surface Cards
C Collimator
19
rpp -5 5 -12.5 -5.19 47.3625 47.68
20
rcc 0 0 47.3625 0 0 0.3175 30
C Cylinder Emcopassing World
21
rcc 0 0 -10 0 0 110 30
C Compression Paddle
31
rcc 0 0 45 0 0 0.3175 30
C Free in Air detector 6cc 0.00025in 0.7mg/cm^2
32
rcc 0 -11.1180234 0 0 0 1 1.381976598
C HVL Al Filter in mm thickness above Cell 12
33
rcc 0 0 46 0 0 0.03900 30
SDEF DIR d1 POS 0 -12.0 66.00 ERG d2 PAR 2 Vec 0 0 -1
mode p
C -1, Cos of angle, 1 (angle is 22.5 deg)
Si1 -1 0.923879533 1
C 0, (1+costheta)/2, (1-costheta)/2
Sp1 0 0 1
#
Si2 Sp2
C Spectra Energy Histogram Derived From SRS-78
C Talley Cards
Vol 5J 6.0
C Talley for Dose in F6-MeV/gm
F6:p 13
C Material Cards
nps 10000000
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Phantom Factor MCNP-5 Input for Wu and BRTES-MOD phantoms

Figure B-2 illustrates geometry used for phantom factor evaluations.
C ****Cell Cards**Phantom Factor***************
C Cylinder Encircling World
5 2 -0.001205 -21 #8 #9 #10 #11 #12 #13 IMP:P 1
C Void Outside World
7 0 21 IMP:P 0
C Breast Simulator
8 5 -0.9500 -1 3 -5 4 #9 IMP:P 1
9 7 -0.9964 -6 3 -9 8 IMP:P 1
C Collimator
10 0 -20 #11 IMP:P 0
11 2 -0.001205 -19 IMP:P 1
C Compression Paddle
12 2 -0.001205 -31 IMP:P 1
C Detector
13 2 -0.001205 -32 IMP:P 1
C Surface Cards
C Breast Simullator 2cm
C Exterior 0.40 cm layer usually 100pct adipose
1
sq 64 81 0 0 0 0 -5184 0 -12 0
3
py
-12.0
4
pz
-2.2
5
pz
-0.2
C Interior main phantom homogenous contents
6
sq 57.76 73.96 0 0 0 0 -4271.9296 0 -12 0
8
pz
-1.8
9
pz
-0.6
C Collimator
19
rpp -5 5 -12.5 -5.19 47.3625 47.68
20
rcc 0 0 47.3625 0 0 0.3175 30
C Cylinder Emcopassing World
21
rcc 0 0 -10 0 0 110 30
C Compression Paddle
31
rcc 0 0 45 0 0 0.3175 30
C Free in Air detector 6cc 0.00025in 0.7mg/cm^2
32
rcc 0 -8 -3.2 0 0 1 1.381976598
SDEF DIR d1 POS 0 -12.0 63.80 ERG d2 PAR 2 Vec 0 0 -1
mode p
C -1, Cos of angle, 1 (angle is 22.5 deg)
Si1 -1 0.923879533 1
C 0, (1+costheta)/2, (1-costheta)/2
Sp1 0 0 1
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#
Si2 Sp2
C Spectra Energy Histogram Derived From SRS-78
C Talley Cards
Vol 2J 102.99 123.20 3J 6.0
C Talley for Dose in F6-MeV/gm, F4-mean Photon/cm^2
F6:p 8 9 13
F4:p 13
C Material Cards
nps 100000000
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Volumetric Factor MCNP-5 Input

Figure B-2 illustrates geometry used for volumetric factor evaluations.
C ****Cell Cards**BreastPhantom_v02242004***************
C Cylinder Encircling World
5 2 -0.001205 -21 #8 #9 #10 #11 #12 #13 IMP:P 1
C Void Outside World
7 0 21 IMP:P 0
C Breast Simulator
8 5 -0.9500 -1 3 -5 4 #9 IMP:P 1
9 7 -0.9964 -6 3 -9 8 IMP:P 1
C Collimator
10 0 -20 #11 IMP:P 0
11 2 -0.001205 -19 IMP:P 1
C Compression Paddle
12 2 -0.001205 -31 IMP:P 1
C Detector
13 2 -0.001205 -32 IMP:P 1
C Surface Cards
C Breast Simullator 2cm
C Exterior 0.40 cm layer usually 100pct adipose
1
sq 64 81 0 0 0 0 -5184 0 -12 0
3
py
-12.0
4
pz
-2.2
5
pz
-0.2
C Interior main phantom homogenous contents
6
sq 57.76 73.96 0 0 0 0 -4271.9296 0 -12 0
8
pz
-1.8
9
pz
-0.6
C Collimator
19
rpp -5 5 -12.5 -5.19 47.3625 47.68
20
rcc 0 0 47.3625 0 0 0.3175 30
C Cylinder Emcopassing World
21
rcc 0 0 -10 0 0 110 30
C Compression Paddle
31
rcc 0 0 45 0 0 0.3175 30
C Free in Air detector 6cc 0.00025in 0.7mg/cm^2
32
rcc 0 -8 -3.2 0 0 1 1.381976598
SDEF DIR d1 POS 0 -12.0 63.80 ERG d2 PAR 2 Vec 0 0 -1
mode p
C -1, Cos of angle, 1 (angle is 22.5 deg)
Si1 -1 0.923879533 1
C 0, (1+costheta)/2, (1-costheta)/2
Sp1 0 0 1
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#
Si2 Sp2
C Spectra Energy Histogram Derived From SRS-78
C Talley Cards
Vol 2J 102.99 123.20 3J 6.0
C Talley for Dose in F6-MeV/gm, F4-mean Photon/cm^2
F6:p 8 9 13
C Material Cards
nps 100000000
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Anatomical Factor MCNP-5 Input

Figure B-3 illustrates geometry used for anatomical factor evaluations.
C ****Cell Cards**Anantomy Factor***************
C Cylinder Encircling World
5 2 -0.001205 -21 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17
#18 #19 #20 #21 IMP:P 1
C Void Outside World
7 0 21 IMP:P 0
C Breast Simulator
8 5 -0.9500 -1 3 -5 4 #9 IMP:P 1
9 7 -0.9964 -6 3 -9 8 IMP:P 1
C Collimator
10 0 -20 #11 IMP:P 0
11 2 -0.001205 -19 IMP:P 1
C Compression Paddle
12 2 -0.001205 -31 IMP:P 1
C Detector
13 2 -0.001205 -32 IMP:P 1
C Tissue Slab
14 9 -1.050 -33 IMP:P 1
15 10 -3.225 -34 IMP:P 1
16 like 15 but trcl=(0 0 2.6)
17 9 -1.050 -35 IMP:P 1
18 like 17 but trcl=(0 0 2.6)
19 like 15 but trcl=(0 0 5.2)
20 like 17 but trcl=(0 0 5.2)
C Subcutaneous fat
21 5 -0.9500 -36 IMP:P 1
C Surface Cards
C Breast Simullator 2cm
C Exterior 0.40 cm layer usually 100pct adipose
1
sq 64 81 0 0 0 0 -5184 0 -12 0
3
py
-12.0
4
pz
-2.2
5
pz
-0.2
C Interior main phantom homogenous contents
6
sq 57.76 73.96 0 0 0 0 -4271.9296 0 -12 0
8
pz
-1.8
9
pz
-0.6
C Collimator
19
rpp -5 5 -12.5 -4.69 47.3625 47.68
20
rcc 0 0 47.3625 0 0 0.3175 30
C Cylinder Emcopassing World
21
rcc 0 0 -10 0 0 110 30
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C Compression Paddle
31
rcc 0 0 45 0 0 0.3175 30
C Free in Air detector 6cc 0.00025in 0.7mg/cm^2
32
rcc 0 -8 -3.2 0 0 1 1.381976598
C Anatomical Slab of Tissue
C xx
rpp Xmin Xmax Ymin Ymax Zmin Zmax
33
rpp -20 10 -13.4 -12.4 -2.2 5.6
C Second slab made of bone
34
rpp -20 10 -14.1 -13.4 -1.2 0.4
C Intercostal Muscle
35
rpp -20 10 -14.1 -13.4 -2.2 -1.2
C Subcutaneous adipose 0.4 cm
36
rpp -20 10 -12.4 -12 -2.2 5.6
SDEF DIR d1 POS 0 -12.0 63.80 ERG d2 PAR 2 Vec 0 0 -1
mode P
C -1, Cos of angle, 1 (angle is 22.5 deg)
Si1 -1 0.923879533 1
C 0, (1+costheta)/2, (1-costheta)/2
Sp1 0 0 1
#
Si2 Sp2
C Talley Cards
Vol 2J 102.99 123.20 3J 6.0 7J
C Talley for Dose in F6-MeV/gm, F4-mean Photon/cm^2
F6:p 8 9 13
F4:p 8 9 13
C Material Cards
nps 10000000
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Energy Spectra Histogram for MCNP-5 Input

#
Si2 Sp2
X-ray energy spectra used in simulations was placed after "#
Si2 Sp2
" section in the MCNP-5 input files. The following pages lists the spectra shown in
Table A-1.
Table A-1. Spectra used in population evaluation and MCNP-5 simulations.
HVL
HVL
Mammographic Tube
Measured MCNP-5
Unit
Target
Filter
kVp
(mm Al) (mm Al)
Diff(%)
GE800T
Mo
Mo
26
0.3577
0.3562
0.42
GE800T
Mo
Mo
27
0.3578
0.3575
0.08
GE800T
Mo
Mo
28
0.3680
0.3668
0.33
GE800T
Mo
Mo
29
0.3867
0.3819
1.24
GE800T
GE800T
GE800T
GE800T
GE800T

Mo
Mo
Mo
Mo
Mo

Rh
Rh
Rh
Rh
Rh

27
28
29
30
32

0.3946
0.4239
0.4356
0.4480
0.4653

0.3884
0.4223
0.4313
0.4448
0.4636

1.57
0.38
0.99
0.71
0.37

GEDMR
GEDMR
GEDMR
GEDMR

Mo
Mo
Mo
Mo

Mo
Mo
Mo
Mo

25
26
27
28

0.3476
0.3594
0.3578
0.3679

0.3462
0.3559
0.3575
0.3667

0.40
0.97
0.08
0.33

GEDMR
GEDMR
GEDMR
GEDMR

Mo
Mo
Mo
Mo

Rh
Rh
Rh
Rh

26
27
28
30

0.4179
0.4158
0.4481
0.4562

0.4109
0.4125
0.4444
0.4516

1.68
0.79
0.83
1.01
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C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 026K20D0M2* Mo/Mo 26 kVp *
* Tube Potential = 26 kVp
*
* Filter(mm)=>0.69 Be_ 0.03 Mo_ 2.5 PMMA_ 0.1690 AL*
* Mean Photon = 16.8 kev
*
* Air Kerma = 4.499E01 uGy per mAs @ 750mm
*
* HVL = 0.3577 mm Al
*
* Anode Angle = 20 degrees
*
****************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 3.6573100000E-35
0.0040 3.7560000000E-23
0.0045 1.4994800000E-15
0.0050 1.6371700000E-10
0.0055 4.7164500000E-07
0.0060 1.3545300000E-04
0.0065 8.3045800000E-03
0.0070 1.7318400000E-01
0.0075 1.6994600000E+00
0.0080 9.5790000000E+00
0.0085 3.8683400000E+01
0.0090 1.1252300000E+02
0.0095 2.6545300000E+02
0.0100 5.3234100000E+02
0.0105 9.2431100000E+02
0.0110 1.4462100000E+03
0.0115 2.0740100000E+03
0.0120 2.7876200000E+03
0.0125 3.5464000000E+03
0.0130 4.3268000000E+03
0.0135 5.0583400000E+03
0.0140 5.7303500000E+03
0.0145 6.3590400000E+03
0.0150 6.9110300000E+03
0.0155 7.3392800000E+03
0.0160 7.6936100000E+03
0.0165 7.9371500000E+03
0.0170 8.0957200000E+03
0.0175 4.7047900000E+04
0.0180 8.0735000000E+03
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0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260

7.9337400000E+03
7.7382600000E+03
1.5146300000E+04
8.7274500000E+02
8.1385200000E+02
7.7995600000E+02
7.5666700000E+02
7.3592900000E+02
7.1454300000E+02
6.8122600000E+02
6.3238400000E+02
5.6553100000E+02
4.7132800000E+02
3.4624000000E+02
1.8937100000E+02
1.7496600000E+01
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C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 027K20D0M2* 27 kVp Mo/Mo *
* Tube Potential = 27 kVp
*
* Filtered => 0.69 Be_ 0.03 Mo_ 2.5 PMMA_ 0.1304 Al*
* Mean Photon = 16.9 kev
*
* Air Kerma = 5.563E01 uGy per mAs @ 750mm *
* HVL = 0.3578 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 7.9815700000E-33
0.0040 1.5681600000E-21
0.0045 2.2248400000E-14
0.0050 1.2200700000E-09
0.0055 2.2210100000E-06
0.0060 4.5642100000E-04
0.0065 2.2125800000E-02
0.0070 3.8664200000E-01
0.0075 3.3183400000E+00
0.0080 1.6869200000E+01
0.0085 6.2855300000E+01
0.0090 1.7145900000E+02
0.0095 3.8416600000E+02
0.0100 7.3868100000E+02
0.0105 1.2390200000E+03
0.0110 1.8844500000E+03
0.0115 2.6415200000E+03
0.0120 3.4797000000E+03
0.0125 4.3563500000E+03
0.0130 5.2397700000E+03
0.0135 6.0561800000E+03
0.0140 6.7981800000E+03
0.0145 7.4898800000E+03
0.0150 8.0901000000E+03
0.0155 8.5502900000E+03
0.0160 8.9310100000E+03
0.0165 9.1935300000E+03
0.0170 9.3655500000E+03
0.0175 6.2273700000E+04
0.0180 9.3600400000E+03
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0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270

9.2196500000E+03
9.0267100000E+03
1.9057600000E+04
1.0226000000E+03
9.6048300000E+02
9.3301700000E+02
9.2066400000E+02
9.1518300000E+02
9.1401300000E+02
9.0184800000E+02
8.8088100000E+02
8.3999000000E+02
7.7806400000E+02
6.8755000000E+02
5.6987600000E+02
4.1766000000E+02
2.2465400000E+02
1.7094100000E+01
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Mo/Mo
C ***************************************************
C * Source = IPEM Rep 78_ 028K20D0M2 28 kVp Mo/Mo *
C * Tube Potential = 28 kVp
*
C * Filters(mm)=>0.69 Be_0.03 Mo_2.5 PMMA_0.1330 Al *
C * Mean Photon = 17.1 kev
*
C * Air Kerma = 6.218E01 uGy per mAs @ 750mm
*
C * HVL = 0..3680 mm Al
*
C * Anode Angle = 20 degrees
*
C ***************************************************
C
Mev Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 5.4238000000E-33
0.0040 1.1949100000E-21
0.0045 1.8302400000E-14
0.0050 1.0608100000E-09
0.0055 2.0112600000E-06
0.0060 4.2672300000E-04
0.0065 2.1186800000E-02
0.0070 3.7738800000E-01
0.0075 3.2884000000E+00
0.0080 1.6916500000E+01
0.0085 6.3659600000E+01
0.0090 1.7502800000E+02
0.0095 3.9474700000E+02
0.0100 7.6318500000E+02
0.0105 1.2861000000E+03
0.0110 1.9643900000E+03
0.0115 2.7621800000E+03
0.0120 3.6501700000E+03
0.0125 4.5822200000E+03
0.0130 5.5271400000E+03
0.0135 6.4038200000E+03
0.0140 7.2064600000E+03
0.0145 7.9563000000E+03
0.0150 8.6179900000E+03
0.0155 9.1360800000E+03
0.0160 9.5676300000E+03
0.0165 9.8841000000E+03
0.0170 1.0108500000E+04
0.0175 7.5781600000E+04
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0.0180
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280

1.0186600000E+04
1.0088300000E+04
9.9372100000E+03
2.2490100000E+04
1.1293200000E+03
1.0699400000E+03
1.0508500000E+03
1.0504100000E+03
1.0604100000E+03
1.0787600000E+03
1.0891800000E+03
1.0949900000E+03
1.0877200000E+03
1.0570100000E+03
1.0039100000E+03
9.2420200000E+02
8.1197300000E+02
6.6070100000E+02
4.7838300000E+02
2.5661000000E+02
2.1258500000E+01
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C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 029K20D0M2* 29 kVp Mo/Mo *
* Tube Potential = 29 kVp
*
* Filtered => 0.69 Be_ 0.03 Mo_ 2.5 PMMA_ 0.1702 Al*
* Mean Photon = 17.3 kev
*
* Air Kerma = 6.425E01 uGy per mAs @ 750mm
*
* HVL = 0.3867 mm Al
*
* Anode Angle = 20 degrees
*
* **************************************************
Mev
Probability*
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 2.8944500000E-35
0.0040 3.1578400000E-23
0.0045 1.3267900000E-15
0.0050 1.5187300000E-10
0.0055 4.5622400000E-07
0.0060 1.3595200000E-04
0.0065 8.5961600000E-03
0.0070 1.8386300000E-01
0.0075 1.8437300000E+00
0.0080 1.0577700000E+01
0.0085 4.3351100000E+01
0.0090 1.2766700000E+02
0.0095 3.0426700000E+02
0.0100 6.1574600000E+02
0.0105 1.0771000000E+03
0.0110 1.6963500000E+03
0.0115 2.4487700000E+03
0.0120 3.3091400000E+03
0.0125 4.2336000000E+03
0.0130 5.1907000000E+03
0.0135 6.1019700000E+03
0.0140 6.9481400000E+03
0.0145 7.7593600000E+03
0.0150 8.4877300000E+03
0.0155 9.0794400000E+03
0.0160 9.5955700000E+03
0.0165 9.9902800000E+03
0.0170 1.0286800000E+04
0.0175 8.6062400000E+04
0.0180 1.0523500000E+04

324
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280
0.0285
0.0290

1.0506500000E+04
1.0435400000E+04
2.5215900000E+04
1.1934700000E+03
1.1381800000E+03
1.1304300000E+03
1.1419000000E+03
1.1687300000E+03
1.2076800000E+03
1.2390600000E+03
1.2725300000E+03
1.2902600000E+03
1.2983400000E+03
1.2757500000E+03
1.2394600000E+03
1.1689000000E+03
1.0616100000E+03
9.1816900000E+02
7.4362600000E+02
5.2684200000E+02
2.7881300000E+02
1.6950600000E+01

325
C
C
C
C
C
C
C
C
C
C

*****************************************************
* Source = IPEM Rep 78_ 027K20D0M2* 27 kVp Mo/Rh *
* Tube Potential = 27 kVp
*
* Filtered => 0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.0610 Al*
* Mean Photon = 17.7 kev
*
* Air Kerma = 5.802E01 uGy per mAs @ 750mm
*
* HVL = 0.3946 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 1.8715000000E-32
0.0040 1.8655500000E-21
0.0045 2.2793300000E-14
0.0050 1.0816400000E-09
0.0055 1.8471500000E-06
0.0060 3.5685900000E-04
0.0065 1.7358700000E-02
0.0070 3.0358900000E-01
0.0075 2.7008400000E+00
0.0080 1.4471300000E+01
0.0085 5.2155400000E+01
0.0090 1.4540400000E+02
0.0095 3.2975500000E+02
0.0100 6.4288600000E+02
0.0105 1.0865800000E+03
0.0110 1.6655800000E+03
0.0115 2.3642400000E+03
0.0120 3.1383400000E+03
0.0125 3.9608700000E+03
0.0130 4.7872000000E+03
0.0135 5.5762300000E+03
0.0140 6.3138800000E+03
0.0145 6.9845900000E+03
0.0150 7.5430900000E+03
0.0155 8.0314100000E+03
0.0160 8.4110500000E+03
0.0165 8.6928200000E+03
0.0170 8.8694400000E+03
0.0175 5.9311300000E+04
0.0180 8.9437800000E+03

326
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270

8.8432300000E+03
8.6708700000E+03
1.8339100000E+04
7.5858500000E+03
7.1874200000E+03
6.8772700000E+03
6.4892900000E+03
6.0595100000E+03
5.6023100000E+03
5.0712300000E+03
9.0868900000E+02
8.5689400000E+02
7.8035300000E+02
6.7794700000E+02
5.4902500000E+02
3.9436200000E+02
2.0724900000E+02
1.5546800000E+01
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C
C
C
C
C
C
C
C
C
C

***************************************************
* Source = IPEM Rep 78_ 028K20D0M2 28 kVp Mo/Rh *
* Tube Potential = 28 kVp
*
* Filters(mm)=>0.69 Be_0.025 Rh_2.5 PMMA_0.1270 Al *
* Mean Photon = 18.0 kev
*
* Air Kerma = 5.757E01 uGy per mAs @ 750mm
*
* HVL = 0.4239 mm Al
*
* Anode Angle = 20 degrees
*
***************************************************
Mev Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 1.7654400000E-36
0.0040 3.0027600000E-24
0.0045 2.1924900000E-16
0.0050 3.4600000000E-11
0.0055 1.3287000000E-07
0.0060 4.6624400000E-05
0.0065 3.4610700000E-03
0.0070 8.3383400000E-02
0.0075 9.4743900000E-01
0.0080 6.1349000000E+00
0.0085 2.5657000000E+01
0.0090 8.0580400000E+01
0.0095 2.0106200000E+02
0.0100 4.2424100000E+02
0.0105 7.6480800000E+02
0.0110 1.2372800000E+03
0.0115 1.8356500000E+03
0.0120 2.5338600000E+03
0.0125 3.3011600000E+03
0.0130 4.1052800000E+03
0.0135 4.9013800000E+03
0.0140 5.6654900000E+03
0.0145 6.3836100000E+03
0.0150 7.0122600000E+03
0.0155 7.5831700000E+03
0.0160 8.0510600000E+03
0.0165 8.4308700000E+03
0.0170 8.7117700000E+03
0.0175 6.6180500000E+04
0.0180 8.9862300000E+03

328
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280

8.9885700000E+03
8.9154500000E+03
2.0314500000E+04
7.8986200000E+03
7.5785400000E+03
7.3594900000E+03
7.0574500000E+03
6.7132900000E+03
6.3395100000E+03
5.8872500000E+03
1.0882000000E+03
1.0713600000E+03
1.0255100000E+03
9.5920900000E+02
8.6426800000E+02
7.4533700000E+02
5.9335700000E+02
4.2412700000E+02
2.2388100000E+02
1.8359500000E+01

329
C
C
C
C
C
C
C
C
C
C

*****************************************************
* Source = IPEM Rep 78_ 029K20D0M2* 29 kVp Mo/Rh *
* Tube Potential = 29 kVp
*
* Filtered => 0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.1382 Al*
* Mean Photon = 18.1 kev
*
* Air Kerma = 6.317E01 uGy per mAs @ 750mm
*
* HVL = 0.4356 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 3.5981300000E-37
0.0040 9.9237300000E-25
0.0045 9.8529600000E-17
0.0050 1.9191200000E-11
0.0055 8.5160200000E-08
0.0060 3.3292600000E-05
0.0065 2.6725000000E-03
0.0070 6.8331200000E-02
0.0075 8.1324300000E-01
0.0080 5.4604600000E+00
0.0085 2.3493800000E+01
0.0090 7.5508400000E+01
0.0095 1.9196300000E+02
0.0100 4.1136600000E+02
0.0105 7.5113400000E+02
0.0110 1.2277100000E+03
0.0115 1.8387000000E+03
0.0120 2.5574500000E+03
0.0125 3.3554500000E+03
0.0130 4.1970700000E+03
0.0135 5.0380700000E+03
0.0140 5.8488400000E+03
0.0145 6.6216300000E+03
0.0150 7.3029400000E+03
0.0155 7.9283000000E+03
0.0160 8.4561700000E+03
0.0165 8.8891800000E+03
0.0170 9.2148700000E+03
0.0175 7.7880200000E+04
0.0180 9.5926200000E+03

330
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280
0.0285
0.0290

9.6486200000E+03
9.6282600000E+03
2.3375700000E+04
8.5512500000E+03
8.2456100000E+03
8.0847000000E+03
7.8243600000E+03
7.5362800000E+03
7.2207500000E+03
6.8068600000E+03
1.2841300000E+03
1.2892700000E+03
1.2769100000E+03
1.2347800000E+03
1.1733200000E+03
1.0854600000E+03
9.6395900000E+02
8.2259200000E+02
6.5527900000E+02
4.5932900000E+02
2.4050300000E+02
1.4506800000E+01

331
C
C
C
C
C
C
C
C
C
C

*****************************************************
* Source = IPEM Rep 78_ 027K20D0M2* 30 kVp Mo/Rh *
* Tube Potential = 30 kVp
*
* Filtered => 0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.1570 Al*
* Mean Photon = 18.3 kev
*
* Air Kerma = 6.789E01 uGy per mAs @ 750mm
*
* HVL = 0.4480 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 2.5300500000E-38
0.0040 1.5675700000E-25
0.0045 2.5965200000E-17
0.0050 7.1528700000E-12
0.0055 4.0202900000E-08
0.0060 1.8728900000E-05
0.0065 1.7050800000E-03
0.0070 4.7984300000E-02
0.0075 6.1459500000E-01
0.0080 4.3698500000E+00
0.0085 1.9671400000E+01
0.0090 6.5576300000E+01
0.0095 1.7164400000E+02
0.0100 3.7700500000E+02
0.0105 7.0206000000E+02
0.0110 1.1670800000E+03
0.0115 1.7718000000E+03
0.0120 2.4949300000E+03
0.0125 3.3065200000E+03
0.0130 4.1724800000E+03
0.0135 5.0488600000E+03
0.0140 5.9023700000E+03
0.0145 6.7229200000E+03
0.0150 7.4563200000E+03
0.0155 8.1379200000E+03
0.0160 8.7176800000E+03
0.0165 9.2082400000E+03
0.0170 9.5988300000E+03
0.0175 8.9116300000E+04
0.0180 1.0088500000E+04

332
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280
0.0285
0.0290
0.0295
0.0300

1.0187700000E+04
1.0217500000E+04
2.6328800000E+04
9.0806100000E+03
8.7941400000E+03
8.6860500000E+03
8.4877500000E+03
8.2493300000E+03
7.9844900000E+03
7.6324500000E+03
1.4563600000E+03
1.4896100000E+03
1.5000900000E+03
1.4899800000E+03
1.4535800000E+03
1.3917000000E+03
1.3062000000E+03
1.1926400000E+03
1.0526800000E+03
8.9148400000E+02
7.0133300000E+02
4.8860400000E+02
2.4975500000E+02
1.6948800000E+01

333
C
C
C
C
C
C
C
C
C
C

*****************************************************
* Source = IPEM Rep 78_ 032K20D0M2* 32 kVp Mo/Rh *
* Tube Potential = 32 kVp
*
* Filtered => 0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.1755 Al*
* Mean Photon = 18.6 kev
*
* Air Kerma = 7.968E01 uGy per mAs @ 750mm
*
* HVL = 0.4653 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 0.0000000000E+00
0.0040 2.4748900000E-26
0.0045 6.8029100000E-18
0.0050 2.6505200000E-12
0.0055 1.8945900000E-08
0.0060 1.0578400000E-05
0.0065 1.0981900000E-03
0.0070 3.4215300000E-02
0.0075 4.7414000000E-01
0.0080 3.5870100000E+00
0.0085 1.6965300000E+01
0.0090 5.8847000000E+01
0.0095 1.5908800000E+02
0.0100 3.5891400000E+02
0.0105 6.8351000000E+02
0.0110 1.1572800000E+03
0.0115 1.7846100000E+03
0.0120 2.5480200000E+03
0.0125 3.4143600000E+03
0.0130 4.3538700000E+03
0.0135 5.3151200000E+03
0.0140 6.2634300000E+03
0.0145 7.1817600000E+03
0.0150 8.0203400000E+03
0.0155 8.8068500000E+03
0.0160 9.4974000000E+03
0.0165 1.0083300000E+04
0.0170 1.0573600000E+04
0.0175 1.1500700000E+05
0.0180 1.1238000000E+04

334
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280
0.0285
0.0290
0.0295
0.0300
0.0305
0.0310
0.0315
0.0320

1.1420400000E+04
1.1529800000E+04
3.2955500000E+04
1.0172200000E+04
9.8969900000E+03
9.8900500000E+03
9.7733300000E+03
9.6180400000E+03
9.4386200000E+03
9.1635500000E+03
1.7832800000E+03
1.8576800000E+03
1.9196500000E+03
1.9551800000E+03
1.9711600000E+03
1.9646700000E+03
1.9290300000E+03
1.8752200000E+03
1.7957100000E+03
1.6906700000E+03
1.5572300000E+03
1.4001600000E+03
1.2197400000E+03
1.0116600000E+03
7.8577700000E+02
5.4406200000E+02
2.7884000000E+02
2.2338600000E+01

335
C
C
C
C
C
C
C
C
C
C

***************************************************
* Source = IPEM Rep 78_ 025K20D0M2 25 kVp Mo/Mo *
* Tube Potential = 25 kVp
*
* Filters(mm)=>0.69 Be_0.03 Mo_2.5 PMMA_0.1745 Al *
* Mean Photon = 16.6 kev
*
* Air Kerma = 3.872E01 uGy per mAs @ 750mm
*
* HVL = 0.3476 mm Al
*
* Anode Angle = 20 degrees
*
***************************************************
Mev Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 1.7339100000E-35
0.0040 2.2437600000E-23
0.0045 1.0305200000E-15
0.0050 1.2302500000E-10
0.0055 3.7500100000E-07
0.0060 1.1208900000E-04
0.0065 7.0571900000E-03
0.0070 1.4999900000E-01
0.0075 1.4929400000E+00
0.0080 8.5048200000E+00
0.0085 3.4625700000E+01
0.0090 1.0137500000E+02
0.0095 2.4025400000E+02
0.0100 4.8371400000E+02
0.0105 8.4208500000E+02
0.0110 1.3206500000E+03
0.0115 1.8970300000E+03
0.0120 2.5530100000E+03
0.0125 3.2505900000E+03
0.0130 3.9649400000E+03
0.0135 4.6359900000E+03
0.0140 5.2464600000E+03
0.0145 5.8128700000E+03
0.0150 6.3077700000E+03
0.0155 6.6801400000E+03
0.0160 6.9840800000E+03
0.0165 7.1758800000E+03
0.0170 7.2834100000E+03
0.0175 3.5911000000E+04
0.0180 7.1713800000E+03

336
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250

6.9819200000E+03
6.7434500000E+03
1.2086500000E+04
7.4918400000E+02
6.8696400000E+02
6.4294100000E+02
6.0673300000E+02
5.6911800000E+02
5.2614900000E+02
4.6784300000E+02
3.8950000000E+02
2.8884700000E+02
1.5944400000E+02
1.3193000000E+01

337
C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 026K20D0M2* Mo/Mo 26 kVp *
* Tube Potential = 26 kVp
*
* Filter(mm)=>0.69 Be_ 0.03 Mo_ 2.5 PMMA_ 0.1755 AL*
* Mean Photon = 16.8 kev
*
* Air Kerma = 4.4335E01 uGy per mAs @ 750mm
*
* HVL = 0.3594 mm Al
*
* Anode Angle = 20 degrees
*
****************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 1.4712000000E-35
0.0040 1.9973400000E-23
0.0045 9.5029300000E-16
0.0050 1.1669400000E-10
0.0055 3.6378100000E-07
0.0060 1.1070500000E-04
0.0065 7.0705100000E-03
0.0070 1.5207200000E-01
0.0075 1.5278200000E+00
0.0080 8.7697100000E+00
0.0085 3.5922900000E+01
0.0090 1.0569200000E+02
0.0095 2.5162200000E+02
0.0100 5.0842800000E+02
0.0105 8.8822400000E+02
0.0110 1.3968400000E+03
0.0115 2.0116600000E+03
0.0120 2.7138000000E+03
0.0125 3.4627800000E+03
0.0130 4.2359100000E+03
0.0135 4.9634000000E+03
0.0140 5.6332600000E+03
0.0145 6.2617500000E+03
0.0150 6.8152100000E+03
0.0155 7.2467900000E+03
0.0160 7.6053100000E+03
0.0165 7.8537600000E+03
0.0170 8.0178500000E+03
0.0175 4.6631400000E+04
0.0180 8.0076500000E+03

338
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260

7.8739900000E+03
7.6842700000E+03
1.5048300000E+04
8.6749300000E+02
8.0928200000E+02
7.7587500000E+02
7.5295900000E+02
7.3255500000E+02
7.1146600000E+02
6.7847100000E+02
6.2997000000E+02
5.6350100000E+02
4.6972700000E+02
3.4512400000E+02
1.8879400000E+02
1.7446100000E+01

339
C
C
C
C
C
C
C
C
C
C

***************************************************
* Source = IPEM Rep 78_ 028K20D0M2 28 kVp Mo/Mo *
* Tube Potential = 28 kVp
*
* Filters(mm)=>0.69 Be_0.03 Mo_2.5 PMMA_0.1325 Al *
* Mean Photon = 17.1 kev
*
* Air Kerma = 6.223E01 uGy per mAs @ 750mm
*
* HVL = 0.3679 mm Al
*
* Anode Angle = 20 degrees
*
***************************************************
Mev Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 5.7364300000E-33
0.0040 1.2422600000E-21
0.0045 1.8823400000E-14
0.0050 1.0831400000E-09
0.0055 2.0436600000E-06
0.0060 4.3205400000E-04
0.0065 2.1397600000E-02
0.0070 3.8041900000E-01
0.0075 3.3100200000E+00
0.0080 1.7008600000E+01
0.0085 6.3950300000E+01
0.0090 1.7570400000E+02
0.0095 3.9604900000E+02
0.0100 7.6534700000E+02
0.0105 1.2892500000E+03
0.0110 1.9685900000E+03
0.0115 2.7673700000E+03
0.0120 3.6562000000E+03
0.0125 4.5889600000E+03
0.0130 5.5343700000E+03
0.0135 6.4112900000E+03
0.0140 7.2140400000E+03
0.0145 7.9638500000E+03
0.0150 8.6254000000E+03
0.0155 9.1432100000E+03
0.0160 9.5744300000E+03
0.0165 9.8905300000E+03
0.0170 1.0114500000E+04
0.0175 7.5823100000E+04
0.0180 1.0191700000E+04

340
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280

1.0093000000E+04
9.9414900000E+03
2.2499100000E+04
1.1297400000E+03
1.0703100000E+03
1.0511900000E+03
1.0507300000E+03
1.0607100000E+03
1.0790400000E+03
1.0894500000E+03
1.0952500000E+03
1.0879600000E+03
1.0572300000E+03
1.0041100000E+03
9.2437500000E+02
8.1211700000E+02
6.6081300000E+02
4.7846000000E+02
2.5665000000E+02
2.1261600000E+01

341
C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 026K20D0M2* Mo/Rh 26 kVp *
* Tube Potential = 26 kVp
*
* Filter(mm)=>0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.1852 AL*
* Mean Photon = 17.8 kev
*
* Air Kerma = 3.979E01 uGy per mAs @ 750mm
*
* HVL = 0.4179 mm Al
*
* Anode Angle = 20 degrees
*
****************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 0.0000000000E+00
0.0040 1.0918400000E-26
0.0045 3.7830200000E-18
0.0050 1.6800200000E-12
0.0055 1.2835100000E-08
0.0060 7.4300300000E-06
0.0065 7.8314100000E-04
0.0070 2.4545500000E-02
0.0075 3.4037100000E-01
0.0080 2.5697300000E+00
0.0085 1.2107400000E+01
0.0090 4.1828200000E+01
0.0095 1.1262400000E+02
0.0100 2.5292900000E+02
0.0105 4.7976000000E+02
0.0110 8.0900000000E+02
0.0115 1.2418600000E+03
0.0120 1.7656100000E+03
0.0125 2.3549700000E+03
0.0130 2.9889600000E+03
0.0135 3.6289700000E+03
0.0140 4.2496200000E+03
0.0145 4.8403600000E+03
0.0150 5.3614900000E+03
0.0155 5.8335700000E+03
0.0160 6.2238100000E+03
0.0165 6.5303000000E+03
0.0170 6.7505300000E+03
0.0175 3.9858200000E+04
0.0180 6.9257100000E+03

342
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260

6.8887300000E+03
6.7785700000E+03
1.3381200000E+04
5.9795400000E+03
5.6548300000E+03
5.3653200000E+03
4.9992800000E+03
4.5864700000E+03
4.1377000000E+03
3.6315600000E+03
6.2030400000E+02
5.5022500000E+02
4.5199600000E+02
3.2719500000E+02
1.7525400000E+02
1.5902800000E+01

343
C
C
C
C
C
C
C
C
C
C

*****************************************************
* Source = IPEM Rep 78_ 027K20D0M2* 27 kVp Mo/Rh *
* Tube Potential = 27 kVp
*
* Filtered => 0.69 Be_ 0.025 Rh_ 2.5 PMMA_ 0.1338 Al*
* Mean Photon = 17.9 kev
*
* Air Kerma = 5.027E01 uGy per mAs @ 750mm
*
* HVL = 0.4158 mm Al
*
* Anode Angle = 20 degrees
*
* ***************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 6.9614400000E-37
0.0040 1.5810100000E-24
0.0045 1.3780600000E-16
0.0050 2.4387800000E-11
0.0055 1.0079000000E-07
0.0060 3.7249200000E-05
0.0065 2.8642100000E-03
0.0070 7.0787000000E-02
0.0075 8.1963000000E-01
0.0080 5.3845900000E+00
0.0085 2.2760700000E+01
0.0090 7.2102400000E+01
0.0095 1.8110200000E+02
0.0100 3.8421400000E+02
0.0105 6.9557700000E+02
0.0110 1.1287700000E+03
0.0115 1.6796500000E+03
0.0120 2.3235600000E+03
0.0125 3.0319800000E+03
0.0130 3.7741700000E+03
0.0135 4.5100200000E+03
0.0140 5.2140600000E+03
0.0145 5.8768700000E+03
0.0150 6.4511500000E+03
0.0155 6.9679900000E+03
0.0160 7.3909300000E+03
0.0165 7.7229600000E+03
0.0170 7.9594300000E+03
0.0175 5.3689100000E+04
0.0180 8.1598900000E+03

344
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270

8.1253200000E+03
8.0170000000E+03
1.7053200000E+04
7.0900300000E+03
6.7480800000E+03
6.4848700000E+03
6.1419300000E+03
5.7554800000E+03
5.3379400000E+03
4.8461900000E+03
8.7058600000E+02
8.2306400000E+02
7.5116700000E+02
6.5387500000E+02
5.3057200000E+02
3.8178300000E+02
2.0095400000E+02
1.5098200000E+01

345
C
C
C
C
C
C
C
C
C
C

***************************************************
* Source = IPEM Rep 78_ 028K20D0M2 28 kVp Mo/Rh *
* Tube Potential = 28 kVp
*
* Filters(mm)=>0.69 Be_0.025 Rh_2.5 PMMA_0.2210 Al *
* Mean Photon = 18.2 kev
*
* Air Kerma = 4.860E01 uGy per mAs @ 750mm
*
* HVL = 0.4481 mm Al
*
* Anode Angle = 20 degrees
*
***************************************************
Mev Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 0.0000000000E+00
0.0040 3.2440800000E-28
0.0045 2.9946000000E-19
0.0050 2.5856500000E-13
0.0055 3.1082800000E-09
0.0060 2.5202700000E-06
0.0065 3.3792800000E-04
0.0070 1.2723500000E-02
0.0075 2.0317000000E-01
0.0080 1.7116800000E+00
0.0085 8.7947500000E+00
0.0090 3.2575700000E+01
0.0095 9.2740500000E+01
0.0100 2.1824700000E+02
0.0105 4.2995800000E+02
0.0110 7.4869600000E+02
0.0115 1.1805400000E+03
0.0120 1.7187800000E+03
0.0125 2.3377700000E+03
0.0130 3.0200400000E+03
0.0135 3.7266400000E+03
0.0140 4.4249900000E+03
0.0145 5.1077800000E+03
0.0150 5.7301900000E+03
0.0155 6.3125400000E+03
0.0160 6.8131900000E+03
0.0165 7.2365900000E+03
0.0170 7.5753300000E+03
0.0175 5.8194700000E+04
0.0180 7.9825100000E+03

346
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280

8.0577300000E+03
8.0570500000E+03
1.8494400000E+04
7.2384700000E+03
6.9858000000E+03
6.8218600000E+03
6.5735100000E+03
6.2815800000E+03
5.9559200000E+03
5.5521200000E+03
1.0296400000E+03
1.0170600000E+03
9.7625600000E+02
9.1546100000E+02
8.2694700000E+02
7.1478200000E+02
5.7018900000E+02
4.0839100000E+02
2.1595800000E+02
1.7741300000E+01

347
C
C
C
C
C
C
C
C
C
C

****************************************************
* Source = IPEM Rep 78_ 030K20D0M2* 30 kVp Mo/Rh *
* Tube Potential = 30 kVp
*
* Filter(mm)=> 0.69 Be_ 0.025 Rh_ 2.5 Al_ 0.2015 Al*
* Mean Photon = 18.4 kev
*
* Air Kerma = 6.417E01 uGy per mAs @ 750mm
*
* HVL = 0.4562 mm Al
*
* Anode Angle = 20 degrees
*
* **************************************************
Mev
Probability
0.0005 0.0000000000E+00
0.0010 0.0000000000E+00
0.0015 0.0000000000E+00
0.0020 0.0000000000E+00
0.0025 0.0000000000E+00
0.0030 0.0000000000E+00
0.0035 0.0000000000E+00
0.0040 6.6658200000E-27
0.0045 2.6544400000E-18
0.0050 1.3159900000E-12
0.0055 1.0974400000E-08
0.0060 6.8296200000E-06
0.0065 7.6279900000E-04
0.0070 2.5050000000E-02
0.0075 3.6090400000E-01
0.0080 2.8105400000E+00
0.0085 1.3585300000E+01
0.0090 4.7946100000E+01
0.0095 1.3135200000E+02
0.0100 2.9960000000E+02
0.0105 5.7530000000E+02
0.0110 9.8101100000E+02
0.0115 1.5210200000E+03
0.0120 2.1816200000E+03
0.0125 2.9346500000E+03
0.0130 3.7522900000E+03
0.0135 4.5925000000E+03
0.0140 5.4190000000E+03
0.0145 6.2241200000E+03
0.0150 6.9535500000E+03
0.0155 7.6379300000E+03
0.0160 8.2287400000E+03
0.0165 8.7345500000E+03
0.0170 9.1459700000E+03
0.0175 8.5241000000E+04
0.0180 9.6837500000E+03

348
0.0185
0.0190
0.0195
0.0200
0.0205
0.0210
0.0215
0.0220
0.0225
0.0230
0.0235
0.0240
0.0245
0.0250
0.0255
0.0260
0.0265
0.0270
0.0275
0.0280
0.0285
0.0290
0.0295
0.0300

9.8098600000E+03
9.8660800000E+03
2.5488000000E+04
8.8106900000E+03
8.5499700000E+03
8.4612000000E+03
8.2818200000E+03
8.0619200000E+03
7.8140300000E+03
7.4793400000E+03
1.4287700000E+03
1.4630700000E+03
1.4747800000E+03
1.4661300000E+03
1.4315600000E+03
1.3717000000E+03
1.2883300000E+03
1.1771500000E+03
1.0396500000E+03
8.8098900000E+02
6.9344200000E+02
4.8336000000E+02
2.4718300000E+02
1.6781600000E+01
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Material Cards for MCNP-5 Input

Material Cards used in simulations placed after "C

Material Cards" section.

C Elemental Lead Rho-11.4 gm/cm^3_12-Pb
m1 82000
1
C Dry Air Rh0-0.001205 gm/cm^3_7-N, 8-O, 18-Ar
m2 7000 -0.755 8000 -0.232 18000 -0.013
C Elemental Calcium Rho-1.5500 gm/cm^3_20-Ca
m3 20000
1
C Methyl-methacrylate Rho-1.17 gm/cm^3_1-H, 6-C, 8-O
C ICRU44, Acrylic
m4 1000 -0.08 6000 -0.6 8000 -0.32
C
C
C
m5

Tissue Glandularity in percent
0pct Rho-0.9500 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
ICRU44-100pct Adipose
1000 -0.1140 6000 -0.5980 7000 -0.0070 8000 -0.2780 17000 -0.0010 &
11000 -0.0010 16000 -0.0010

C 100pct Rho-1.020 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
C ICRU44-Glandular
m6 1000 -0.1060 6000 -0.3320 7000 -0.0300 8000 -0.5270 17000 -0.0010 &
11000 -0.0010 15000 -0.0010 16000 -0.0020
C 10pct Rho-0.9566 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1132 6000 -0.5714 7000 -0.0093 8000 -0.3029 11000 -0.0010
15000 -0.0001 16000 -0.0011 17000 -0.0010
C 16.2pct Rho-0.9607 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1127 6000 -0.55491 7000 -0.01073 8000 -0.31834 11000 -0.0010
15000 -0.00016 16000 -0.00116 17000 -0.0010
C 20pct Rho-0.9632 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1124 6000 -0.5448 7000 -0.0116 8000 -0.3278 11000 -0.0010
15000 -0.0002 16000 -0.0012 17000 -0.0010
C 25.4pct Rho-0.9669 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.11197 6000 -0.53044 7000 -0.01284 8000 -0.34125 11000 -0.0010
15000 -0.00025 16000 -0.00125 17000 -0.0010
C 30pct Rho-0.9700 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1116 6000 -0.5182 7000 -0.0139 8000 -0.3527 11000 -0.0010
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15000 -0.0003 16000 -0.0013 17000 -0.0010
C 40pct Rho-0.9768 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1108 6000 -0.4916 7000 -0.0162 8000 -0.3776 11000 -0.0010
15000 -0.0004 16000 -0.0014 17000 -0.0010
C 42.6pct Rho-0.9786 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.11059 6000 -0.48468 7000 -0.01680 8000 -0.38407 11000 -0.0010
15000 -0.00043 16000 -0.00143 17000 -0.0010
C 50pct Rho-0.9838 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1100 6000 -0.4650 7000 -0.0185 8000 -0.4025 11000 -0.0010
15000 -0.0005 16000 -0.0015 17000 -0.0010
C 60pct Rho-0.9908 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1092 6000 -0.4384 7000 -0.0208 8000 -0.4274 11000 -0.0010
15000 -0.0006 16000 -0.0016 17000 -0.0010
C 67.8pct Rho-0.9964 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.10858 6000 -0.41765 7000 -0.02259 8000 -0.44682 11000 -0.0010
15000 -0.00068 16000 -0.00168 17000 -0.0010
C 70pct Rho-0.9979 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1084 6000 -0.4118 7000 -0.0231 8000 -0.4523 11000 -0.0010
15000 -0.0007 16000 -0.0017 17000 -0.0010
C 80pct Rho-1.0052 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1076 6000 -0.3852 7000 -0.0254 8000 -0.4772 11000 -0.0010
15000 -0.0008 16000 -0.0018 17000 -0.0010
C 90pct Rho-1.0125 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S
m7 1000 -0.1068 6000 -0.3586 7000 -0.0277 8000 -0.5021 11000 -0.0010
15000 -0.0009 16000 -0.0019 17000 -0.0010
C BR-12 50pct Rho-0.9700 gm/cm^3_1-H, 6-C, 7-N, 8-O, 17-Cl, 20-Ca
C ICRU44,Br-12
m7 1000 -0.0870 6000 -0.6990 7000 -0.02400 8000 -0.1790 17000 -0.0010
20000 -0.0100
C Parafin Rho-0.9300 gm/cm^3_1-H, 6-C
C ICRU44,Br-12
m7 1000 -0.1500 6000 -0.8500
C Elemental Aluminum Rho-2.700 gm/cm^3_13-Al
m8 13000
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C Adult Muscle ICRU46 Rho-1.050 gm/cm^3
C 1-H, 6-C, 7-N, 8-O, 17-Cl, 11-Na, 15-P, 16-S, 19-K
m9 1000 -0.1020 6000 -0.1430 7000 -0.0340 8000 -0.7100 11000 -0.0010
15000 -0.0020 16000 -0.0030 17000 -0.0010 19000 -0.0040
C Nylon-6 ICRU44 Rho-1.130 gm/cm^3
C 1-H, 6-C, 7-N, 8-O
M9 1000 -0.0980 6000 -0.6370 7000 -0.1240 8000 -0.1410
C Al2O3 simulate specks in ACR phantom Rho-3.65 gm/cm^3
m9 13000 -0.5293 8000 -0.4707
m8 13000

1

$Aluminum,2.7gm/cm^3

1
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Figure A-1. Free-in-air geometry for HVL measurements.
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Figure A-2. Phantom and volumetric factors geometry for Wu and BRTES-MOD
phantoms.
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Figure A-3. Anatomical factor geometry for Wu phantom.
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