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1 Introduction

A major challenge in mammography screening is women with dense breasts, as breast cancer
can be masked by glandular tissue (1,2). This challenge still exists in modern digital
mammography (DM) (3,4). To address this, breast density legislation has gradually been
implemented in the United States (U.S.) from 2008 to 2019 (5). Under this law, all women
with dense breasts (about half of all women) are informed of their breast density and
encouraged to discuss supplemental screening using ultrasound or magnetic resonance
imaging with their physician (6). Austria has implemented supplemental ultrasound for all
women with dense breasts (7), and screening programs around the world are debating whether

to implement breast density assessment into their screening programs.

Currently, radiologists evaluate mammographic breast density according to a scale
called BI-RADS density (Breast Imaging- Reporting and Data System). The woman’s breast
density is classified into one of the following categories: almost entirely fatty, scattered
fibroglandular, heterogeneously dense and extremely dense breasts. It has been shown that
this assessment is highly subjective. Therefore, there is a high chance that two different
radiologists will classify breasts differently (8). Recently, software has become available that
calculates the breast density automatically and reproducibly. If implemented, this can lead to

objective and reproducible breast density assessment in mammography screening.

Over the last decade a new way of performing mammography screening has been
introduced, digital breast tomosynthesis (DBT) (9). Instead of performing one x-ray image of
the breast, a series of projections are acquired at slightly different angles. These images are
reconstructed into an image stack in which a plane of breast anatomy is in focus in each
image. This helps the radiologist get an impression of the 3-dimensional distribution of the
breast tissue. Potentially this can help the radiologist “see through” the dense tissue, thereby

improving the results for women with dense breasts who undergo mammography screening.

There are two aims of this thesis: The primary aim was to compare density
classification using BI-RADS- and automatically calculated breast density. Secondary, to
compare digital mammography and digital breast tomosynthesis with respect to diagnostic

accuracy and radiation dose for women of different breast density categories.



2 Background

2.1 The breast and breast cancer

2.1.1 Breast cancer

Breast cancer is the most common type of cancer among women. In 2018, world age-
standardized incidence rate was 46.3 and 87. 5 per 100,000 person-years, with corresponding
mortality of 11.0 and 13.0 worldwide and in Norway, respectively (10—12). Breast cancer has
among highest mortality rate for women, only superseded by lung cancer in Norway and the
U.S. (13,14). In the U.S. it is estimated that breast cancer caused 783,000 years of life lost,
with 19 years lost on average per cancer death (14). The 5 year relative survival for different
breast cancer stages are about: 100 % for stage 0 and I disease, 93 % for stage II, 72 % for
stage IIT and 22 % for stage IV (15). Therefore, it is critical to detect and treat the cancer

before it evolves into a metastatic disease (stage IV).

2.1.2 Normal breast anatomy

A sagittal cross section of the normal anatomy of the female breast with annotations is shown
in Figure 1. A normal female breast consists of lobules (milk producing glands) that group
together into 15 — 20 lobes in a spoke-like pattern (16). Ducts connect the milk-secreting
lobular units to the nipple. Smaller ducts near the lobular units converge into larger collecting
ducts that open into the lactiferous sinuses at the base of the nipple. These ducts are lined with
epithelial cells and basal cells. Surrounding the glandular tissue is dense fibrous stroma mixed
with adipose tissue. These glandular and fibrous tissues is often labelled fibroglandular

tissues.

2.1.3 Variations of anatomy

The relative amount of fatty to fibroglandular tissues can vary greatly among women
dependent on hereditary traits (17). Throughout the woman’s life, the ratio of fatty- and
fibroglandular tissue changes according to age, menopausal status, age at first birth and
number of children among others (18), as the epithelium can atrophy and is replaced by fatty
tissue (19). Other factors such as body habitus, use of hormones post menopause and alcohol

consumption may also affect the relative amount of fibroglandular and fatty tissues (18).



Figure 1: An annotated illustration of the sagittal cross section of a breast with normal
anatomy. The organs shown is: 1 — The chest wall. 2 — The pectoralis muscle. 3 — Lobules. 4 —
The nipple surface. 5 — Areola. 6 — Lactiferous ducts. 7 — Fatty tissue. 8 — The skin. Source:
Patrick J. Lynch (Medical Illustrator)

(https://commons.wikimedia.org/wiki/File:Breast anatomy normal scheme.png)

2.2 Breast examination

2.2.1 Clinical breast examination

Clinical breast examination (CBE) consists of a visual inspection and palpation of both
breast’s tissue and axillae (20). A limitation of CBE is low sensitivity and large variation in
performance depending on the experience and training of the physician (20,21). Younger
women have firmer and more nodular breasts, reducing both sensitivity and specificity of
CBE compared to older women (20). This firmness is not a good predictor of the relative
amount of fibroglandular- and fatty tissue in the breast, which must therefore be determined

radiographically, rather than through palpation (20,22).


https://commons.wikimedia.org/wiki/File:Breast_anatomy_normal_scheme.png

2.2.2  Mammographic imaging

Mammographic imaging is the most common examination for early detection of breast
cancer, due to its ability to detect cancers at an early stage at low-cost and low-radiation dose
(23). Figure 2 shows (Figure 2a) the components of a mammography unit, (Figure 2b) a
modern mammography unit with an operator console, and (Figure 2c) an illustration of the

positioning of the patient for imaging.

a) X-ray tube ~___

Tube pog, l
=

Filter — 1,

/ =

Collimator

Compression

paddle 7/

Grid
\‘m::mmnmm:nnlmm
X-ray detector ————r——
Phototimer

detector

Figure 2: a) Shows an illustration of the components of a modern mammography unit. b)
Shows the mammography unit with the operator console. c) shows an illustration of the
mammography imaging procedure with the breast under compression. Sources: a) Lippincott
Williams & Wilkins (with permission), The Essential Physics of Medical Imaging, Third
edition. b) Hologic (Hologic Inc. Bedford, MA, U.S.) (with permission). c) Alan Hoofring,

National Cancer Institute, hitps://visualsonline.cancer.gov/details.cfim?imageid=4361.

During the acquisition, the woman’s breast is positioned on a flat surface containing the x-ray
detection system. The breast is then compressed firmly and irradiated using an x-ray tube
controlled by an x-ray generator. Mammography uses a lower energy (kiloVolt peak, kVp)
compared to other radiological modalities. The beam is filtered to remove low energy
radiation, which mostly contribute to absorbed breast dose. Filter and/or anode materials, such
as rhodium (Rh) or molybdenum (Mo) that emit characteristic radiation at a suitable energy, is
often used to optimize the x-ray beam energy. The energy of the beam is characterized by its
half value layer (HVL), which is the thickness of aluminum (Al) required to reduce beam
intensity to half (measured in mm Al). The amount of radiation emitted is determined by the
product of the electric current in the anode of the x-ray tube (tube current or mA) and the

exposure time (s), the mAs. Usually the mAs is controlled by an automatic exposure control


https://visualsonline.cancer.gov/details.cfm?imageid=4361

(AEC) system, where a sensor monitors the radiation dose to the detector and stops the

radiation at the appropriate detector exposure (23).

In a mammography screening examination two projections of each breast are acquired;
craniocaudal (CC) and mediolateral oblique (MLO) views. This gives the radiologist two
almost perpendicular views of each breast to interpret. In clinical mammography other types
of acquisitions targeting specific suspicious areas, such as spot compression and fine focus

magnification mammography is often performed.

The image is formed as the detector records energy deposition from the x-rays after
being attenuated by the breast tissue. Fibroglandular tissue and cancer are displayed as bright
areas and fat as dark grey. This makes detection of non-calcified cancers in breasts with a lot

of fibroglandular tissues challenging in mammography.

2.2.3  Screen-film mammography

The first commercially available dedicated mammography units were introduced in 1969
(CGR Senographe), based on work by Charles-Marie Gros (24,25). The following dedicated
screen-film units facilitated big improvement of image quality and radiation dose over
previous general radiography units using industrial film (24). In screen-film mammography
(SFM), the x-rays were absorbed by a screen containing phosphor, which emitted light
absorbed by a film (26). The dose response had a maximum gradient within a limited dose
range. Therefore, it was important to properly expose the film to optimize image contrast (26).
Still, SFM had issues with providing optimal contrast to both the dense parts of the breast and
the skin line (23). SFM was interpreted by the radiologists viewing the film in front of a light
box, often aided by a magnifying glass. Thus, the film doubled as a detection system, display

device and storage media.

SFM was used extensively until the first digital mammography unit (General Electric
(GE) Senographe 2000D) was Food and Drug administration (FDA) approved in 2000 (24).
Adaptation of digital mammography was a gradual process from the first clinical trials in the
early 2000s (27-30) to 2012 (with 98 % coverage in the U.S.) (31). Still, it is worth noting
that much of the literature concerning the efficacy of mammography and the issue of dense

breasts is based on SFM (32).

2.2.4 Xeromammography and computed radiography
Xeromammography became available in the early 1970’s, where an aluminum plate covered

in amorphous selenium (a-Se) served as the x-ray absorber. The aluminum plate was charged
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with positive ions. When the selenium was exposed to x-rays it would generate electron-hole
pairs which would discharge the plate according to the absorbed dose. Dusting the plate with
charged aerosol would produce an image of the breast (26). This system was discontinued and

is no longer commercially available (24).

Computed radiography (CR) systems use phosphor to detect x-rays. Electrons in the
phosphor crystals are freed from the crystal matric and stored in “traps”. The phosphor plate
is then scanned using a laser beam, releasing the trapped electrons. These electrons emit light
which can be detected and collected using a photomultiplier tube. This system was
implemented using removable cassettes. CR systems have worse image quality and higher

radiation dose than modern DM systems (33,34).

Figure 3: a) shows a modern mammography unit (Hologic Selenia Dimensions). b) shows a

DM image of an MLO projection of a left breast. Source: a) Hologic Inc. (with permission).

2.2.5 Digital mammography
Today, digital mammography (DM) is the gold standard modality for breast cancer screening,
which all new modalities will be evaluated against. The DM detectors consists of a thin-film

transistor (TFT) array of amorphous silicon which collects electric charge. Early DM



equipment (such as GE Senographe 2000D) used a layer of cesium iodide to convert energy
deposited by x-rays into light, which a photodiode converts back to charge for collection by
the TFT (indirect detection). Modern DM (Figure 3a) instead uses a layer of amorphous
Selenium (a-Se) to produce charge from the energy deposition by x-rays, which is collected
by the TFT (direct detection). The latter yields the best spatial resolution (23). One major
advantage of DM is the linear dose response of the detector, which facilitates optimal image
contrast of the whole breast (23) (Figure 3b). In modern DM, the detector itself is used as
input for the AEC, allowing the AEC to account for specific areas of high attenuation of x-

rays.

Another major advantage of DM is that the image display and storage is decoupled
from x-ray detection. This facilitates both improvements in image interpretation through
postprocessing of images and convenient storage and retrieval of images. The images are
stored in a Digital Imaging and Communications in Medicine (DICOM) format which

attaches metadata describing the examination.

The initial trials comparing DM to SFM showed an improvement in cancer detection

rate using DM, especially for women with dense breast parenchyma (29,30,35-37).

2.2.6 Digital breast tomosynthesis

The concept DBT was published in 1997 (9). DBT uses equipment similar to DM, but allows
for the tube to be moved in an arc spanning + 7.5° to + 50° (depending on vendor) over the
breast while acquiring low dose projections (Figure 4a). These projections are reconstructed
to yield a stack of images where in every image, a single plane of the breast anatomy is in
focus while the rest is blurred (pseudo 3D (3-Dimensional)) (Figure 4b). The images are
typically reconstructed with 1 mm interval between focus planes with a slice sensitivity
profile of about 2.6 mm full width half max (for the unit used in this thesis). As DBT acquires
an incomplete set of raw data and a limited number of projections compared to CT, DBT

cannot reconstruct true 3-dimensional volumes and produces out of plane image artifacts (38).

The pseudo 3D images produced by DBT can potentially reduce the issue with
superposition of fibroglandular tissue over abnormalities in the breast. Potentially improving
cancer detection and reducing the number of false positives due to pseudo lesions resulting

from overlapping fibroglandular structures.

A challenge in implementation of DBT is that images in consecutive screening rounds

often are compared to look for longitudinal changes in the breast. As a DBT images are
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difficult to compare to previous DM acquisitions, an image comparable to DM must be
included. As performing DM and DBT for all views leads to unacceptable radiation exposure
of the women, vendors have invented a method of synthesizing DM images from DBT

acquisitions (39) (Figure 4c).

Figure 4: a) shows an illustration of the same mammography unit shown in Figure 3a
performing a DBT examination with +7.5° arc. b) Shows a DBT image where one slice of the
anatomy is in focus, while the rest is blurred. c) Shows the corresponding synthetic DM image
of the DBT acquisition. This is the same view and breast shown in Figure 3b. Source: a)

Hologic Inc. (with permission).

In DBT, women have to stay under compression for longer than in DM, although some
experiment with using less compression force (40). There is currently a lot of research
comparing DBT to DM for breast cancer screening. Prospective studies show improvements
in cancer detection and/or recall rate (40—44). So far there is insufficient evidence for

implementation of DBT in population-based breast cancer screening (45,46).
Interpretation of mammographic images in screening

The Norwegian breast cancer screening program (BreastScreen Norway) uses an ordinal five
point scale to assess the probability of malignancy based on screening mammograms (Table

1) (47). A score of 2 or more is considered positive.



Table 1: BreastScreen Norway categories and their associated assessment.

BreastScreen Norway Assessment

Category
1 Normal/Definitely benign
2 Probably benign
3 Indeterminate
4 Probably malignant
5 Malignant

2.2.7 Contrast enhanced mammography

The leaky blood vessels associated with angiogenesis in breast cancers can be imaged using
dual-energy contrast enhanced mammography. lodinated contrast media is administered prior
to the examination. Then two acquisitions are made, one at 23-32 kVp and one at 45-49 kVp
with an additional copper filter. The low energy image serves as a conventional DM
examination, while the high energy image is uninterpretable (48). The attenuation of iodine
increases dramatically at 33.2 keV (kiloelectron Volt) as above this energy photon has
sufficient energy to eject the k-shell electrons through the photoelectric effect. Thus,
subtracting the two images crates an iodine image which highlights cancers in a comparable
manner as contrast enhanced MRI (48). It has been reported that contrast enhanced
mammography increases the sensitivity in women with high risk of breast cancer and dense

breasts (49).

2.2.8 Ultrasound

Ultrasound is an acoustic imaging technique. These images allow radiologists to detect some
lesions that are not visible using mammography, especially in women with breasts containing
extensive fibroglandular tissue (50-52). Hand-held ultrasound (HHUS) is the most common
technique and is performed by a physician or a technician. It is limited by requiring well
trained operators, a small field of view and that the lesion must be seen during the
examination (thus HHUS is operator dependent) (50). The examination is also time

consuming (53).

An alternative to HHUS is automated breast ultrasound, where a technologist positions
a paddle on the breast. The transducer then moves across the paddle, scanning the breast

automatically. A total of three views are acquired for each breast (front, inner and outer) for



an acquisition time of about 1 min per view (52). The images produced are standardized and
allows for interpretation on a workstation using independent double reading. Which increases

feasibility of implementation in population-based screening (53).

2.2.9 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging technique images utilizing the magnetic
properties of the hydrogen nucleus, which is abundant in the body. Using various examination
protocols MRI can acquire images highlighting soft tissue, fat and/or liquids, and tissue
characteristics such as proton density or diffusion. Thus, MRI can provide images of excellent
soft tissue contrast. Usually gadolinium contrast media is administered, facilitating imaging of
the vasculature and the leaking blood vessels usually present in breast cancer. MRI is a more
sensitive technique compared to mammography and is not limited by presence of
fibroglandular tissue. But as contrast media is administered the tolerance for using MRI in
routine screening is low. Many women experience claustrophobia in the narrow tube if the
scanner. The MRI scan is also time consuming. To increase MRI tolerance a 3-minute fast
MRI protocol (abbreviated MRI), which still uses contrast media, has been suggested for

screening (54).

2.3 Radiation physics and image quality

2.3.1 Photon interactions in tissue

The attenuation of x-rays in the mammographic energy range (10 — 50 keV) is primarily due
to two processes: Photoelectric effect and Compton scatter. The probability of each
interaction for a specific material is described by the materials’ linear attenuation coefficient
u (cm™) or more conveniently (normalized to density) the mass attenuation coefficient p-p!

in units (cm> g™!).
Photoelectric effect

When a photon interacts through the photoelectric effect, all its energy is transferred to an
electron, which is ejected from the atom. The probability of this interaction increases strongly
with decreasing energy and increasing atomic number (~Z>-E%) (23). Which is why the
photoelectric effect contributes strongly to image contrast. Especially between tissues with
substantially different atomic number, such as calcifications and soft tissue. As no photon is
emitted in photoelectric effect, there is no scattered photon that can reach the detector and

degrade image quality.
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Compton scattering

Compton scatter is an interaction between the photon and an electron which is ejected from
the atom. The leftover energy is released as a lower energy photon. The probability of
Compton scatter is largely constant with energy and proportional to the number of electrons
per gram. Therefore, it is nearly independent of Z (with the exception of hydrogen) (23). For
higher energy x-ray spectra, a greater proportion of photons interact through Compton scatter,
reducing image contrast compared to lower energies. Additionally, the photon released can

reach the imaging detector and further reduce image contrast.
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Figure 5: The mass attenuation coefficients for soft tissue (55) (Ze = 7.64) for photo electric
effect, Compton and total mass attenuation coefficient. Calculated using XMuDat (56), using

mass attenuation coefficient from Boone et al. (57).
Total attenuation

The total linear attenuation coefficient for a photon is the sum of the individual coefficients
(eq. 1).
UTotat = Wphotoelectric + p-Compton scatter (1)

Figure 5 shows the mass attenuation coefficient for photoelectric effect, Compton scatter and
total attenuation coefficient. for soft tissue (55) calculated using XMuDat (56), using the

attenuation data published by Boone et al. (57).
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2.3.2  Radiation dose

A beam of photons deposits energy in a two-step process. First, the energy is transferred to
charged particles (electrons) due to photoelectric effect and Compton scatter. Then, the
charged particles interact with matter through ionization and excitation. This process is often
described using the kinetic energy released in matter, or KERMA (K). KERMA is the kinetic
energy transferred to charged particles by the photons per unit mass of the absorber and has
unit of Gray (Gy) or S.I. units Joules per kilogram (J-kg™!). To calculate KERMA the energy
fluence (), the amount of energy passing through a unit area at each energy E, is multiplied
by the respective mass energy transfer coefficient (uy-p'). The mass energy transfer
coefficient is the mass attenuation coefficient multiplied with the fraction of energy

transferred to charged particles. Thus, KERMA at energy E can be calculated as (eq. 2):

K=w (%)E, [Gy] )

Absorbed dose (D) is the energy imparted by all ionizing radiation per unit mass of the

irradiated material (eq. 3).
S
D =<, [6y] (3)

To estimate absorbed dose, the mass energy absorption coefficient (Uen-po™), which also
accounts for radiative losses due to bremsstrahlung. Thus, the absorbed dose at energy E can
be calculated as (eq. 4):

D= (“7")15 [Gy] (4)

However, at energies and tissues relevant to diagnostic radiology the mass energy absorption-
and mass energy transfer coefficients are close to numerically identical, due to the low

amount of bremsstrahlung produced.
Measurement of radiation dose

Ionizing radiation is often measured using an ion chamber which measures electric charge
collected from the ions produced in the air of the dosimeter, which is usually converted to air
KERMA within the dosimeter system. As the effective atomic numbers in soft tissue and air
is similar, dose measurements using ion chambers is a good approximation of dose to soft

tissue in the energy range relevant for mammography.
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2.3.3 Image quality

Contrast

For a breast irradiated using a homogeneous beam, there will be a difference in the emerging
beam intensity at points A and B reflecting the tissue in the respective beam path. This

difference is often normalized to intensity A and called the subject contrast Cs (eq. 5) (23).

_ (A-B)

Cs "

(&)

Figure 6 (a) shows the differences in attenuation coefficients for fat-, glandular tissue and
infiltrating ductal carcinoma. (b) shows the resulting subject contrast. Notice how the contrast

is noticeably reduced as the beam energy increases as more photons undergo Compton scatter.

Subject contrast is modulated by the dose response of the detection system. For digital
images, raw-data image is non-linearly postprocessed in order to condense the large dynamic
range to a useful “for presentation” image. Additionally, the radiologist may adjust the
grayscale (window width and window level). All these steps modulate the subject contrast

originating in the raw-data image.
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Figure 6: a) The attenuation coefficients of fat-, glandular tissue and infiltrating ductal
carcinoma. b) Subject contrast of glandular and ductal carcinoma versus fat due to
differences in linear attenuation coefficient. Source: a) Lippincott Williams & Wilkins (with

permission), The Essential Physics of Medical Imaging, Third edition (23).
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Image noise

Image noise deteriorates the image quality, obscuring details representing the clinically

interesting features. Typically, noise is considered to have four components (23):

» Electronic noise, which originates in electronic components of the imaging chain.
This noise is independent of radiation dose. Therefore, it becomes more important at
low doses.

» Structured noise is signal variations which are constant in time. They typically
represent image artifacts, which usually are corrected by calibration.

» Obscuring patterns generated by the anatomy of the patient is called anatomical
noise. In mammography there is substantial anatomical noise generated by the
glandular tissue which can obscure tumors embedded in, or covered by this tissue.

» Quantum noise is due to the statistical nature of x-rays. This noise is reduced by

increasing the radiation dose. A doubling the dose will reduce noise by a factor of

V2.

The magnitude of noise is often assessed using the standard deviation of the pixel values in an
image of a homogeneous object. The visibility of a lesion is tied to the image signal of the
lesion compared to the background noise (58), which is often measured using contrast to noise
ratio (CNR) or signal to noise ratio (SNR). Objects with lower contrast and smaller objects

require less noise in order to be reproducibly detected.

The abovementioned measures have limitations as they ignore the graininess of the
noise. The magnitude and frequency dependence of the noise can be assessed using the noise
power spectrum. CNR and SNR also ignores the reduction in contrast transfer of the system
due to limitations in the spatial resolution, which can be assessed using the modulation
transfer function. These can be combined into a measure of SNR as function of spatial

frequencies called detective quantum efficiency (23).

2.4 Breast density measurement

2.4.1 Background

The breast consists mainly of two types of tissues; fibroglandular tissue and fat. As
fibroglandular tissue attenuates x-rays more than fat it appears white on a mammogram.
Therefore, breasts with a lot of fibroglandular tissue are labeled as dense. This density is

different and not correlated with the firmness of the breast (22). In 1976 Wolfe discovered
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breast density as a risk factor for breast cancer (59) (further explained in chapter 2.5.2). In
1977 Egan and Mosteller found that mammography is less sensitive in dense breasts (1), due
to masking of cancer by fibroglandular tissue (2) (further explained in chapter 2.5.3). Since
these discoveries breast density has been studied extensively, both in relation to risk and
masking. The task of measuring breast density has been performed using various methods.
The following chapter gives a short overview of the most commonly used measurement

methods.

2.4.2  Subjective breast density classification

Wolfe classification

In 1976 Wolfe was the first to classify breasts into four categories based on the pattern of
fibroglandular tissues, with the purpose of providing an index of increased risk of developing

breast cancer (Table 2) (59,60).

Table 2: The Wolfe classifications with description of the categories (60).

Wolfe classification Description

Lowest risk. Parenchyma composed primarily of fat with at most small

N amounts of “dysplasia”. No ducts visible.
Low risk. Parenchyma chiefly fat with prominent ducts in anterior
P1 portion up to one-fourth of volume of breast. Also, may be a thin band
of ducts extending into a quadrant.
High risk. Severe involvement with prominent duct pattern occupying
b more than one-fourth of the breast.
DY Highest risk. Severe involvement with “dysplasia”. Often obscures an

underlying duct pattern.

Here the N1 and P1 patterns indicate breasts with low risk and P2 and DY indicate breasts
with high risk of breast cancer. Women classified with DY breasts was found to have 37 times
the risk of breast cancer compared to N1 (60), but these results could not be replicated,

perhaps due to issues with inter-observer variability in pattern assessment (61).
Tabadr classification

In 1997 Tabéar made a classification based on histologic-mammographic correlations and the

relative proportions of nodular densities, linear densities, homogeneous fibrous tissue and
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radiolucent fat tissue (61,62) (Table 3). Like Wolfe, Tabar’s goal was to identify women at
increased risk of breast cancer. But the agreement with respect to high and low risk using

Wolfe and Tabdr classifications was poor (62).

Patten-based breast classification are not widely used today as they are subjective, lack

reproducibility and are difficult to assess (61).

Table 3: The Tabadr classification with a short description of categories (61,62).

Tabdr classification  Short description

Balanced proportion of all components of breast tissue with a slight

! predominance of fibrous tissue.

II Predominance of fat tissue (fat breast).

11T Predominance of fat tissue with retroareolar residual fibrous tissue.
v Predominantly nodular densities.

\% Predominantly fibrous tissue (dense breast).

Boyd classification

Encouraged by the results of Wolfe, Boyd studied breast cancer risk using the percent area of
the breast image covered by dense breast tissue. This classification (called SCC) had six
categories: A: =0 %, B: >0-<10 %, C: 10 -25 %, D: 25 -50 %, E: 50 — 75 % and D: > 75
%, which were assessed visually by radiologists (63). This classification resulted in consistent
breast cancer risk relationships. But even though the scale was quantitative, there was still
issues with subjectivity, as the threshold for considering a patch of breast as dense is not

clearly defined (61).
BI-RADS density

In 1993 the ACR (American College of Radiology) included reporting of the breast density in
BI-RADS 3" edition (Table 4) (64). After a woman attends breast cancer screening,
radiologists are more interested in whether breast density could mask a lesion, rather than the
effect of breast density on breast cancer risk, therefore BI-RADS density mainly focus on
masking (65). Additionally, BI-RADS density focus on the volume of dense tissue, not the
area. This has been criticized as radiologists only have planar images which lack sufficient

information for such assessment (65).
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Table 4: BI-RADS density 3 ed. (64).

BI-RADS density

_ Description

1 Entirely fat

2 Scattered fibroglandular
3 Heterogeneously dense
4 Extremely dense

In 2003, ACR updated BI-RADS to 4™ edition. They elaborated on the description of the
categories and added area-based percentages breast density (66), which is confusing as BI-
RADS focus on volumetric assessment (61). The BI-RADS 4" edition categories are shown in

Table 5, with examples of cases in Figure 7.

Table 5: BI-RADS density 4th ed. (66).

BI-RADS density

Description
4 ed.
I The breast is almost entirely fat (<25 % glandular)
II There are scattered densities (approximately 25 - 50 % glandular)
m The breast tissue is heterogeneously dense, which could obscure
detection of small masses (approximately 51 - 75 % glandular)
v The breast tissue is extremely dense. This may lower the sensitivity

of mammography (> 75 % glandular)

In 2013 ACR updated BI-RADS to the 5" edition. The addition of the area percentages did
not change the evaluation of density on average from the 3™ to 4" edition, so they were
removed in the 5 edition. The wording was also changed slightly to emphasize the risk of
masking and he labels were changed to letters to avoid confusion with the BI-RADS
assessment for probability of malignancy (Table 6). In the 5™ edition a few breasts with
extremely dense tissue in a small part of the breast can be given a higher density compared to

the 4™ edition.
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Non-dense breasts:

I: The breast is almost entirely fat II: There are fibroglandular densities.
(<25 % glandular) (approximately 25 % - 50 % glandular)

Dense breasts:

TIT: The breast tissue is heterogeneously dense, TV: The breast tissue is extremely dense. This
which could obscure detection of small masses. may lower the sensitivity of mammography.
(approximately 50 % - 75 % glandular) (> 75 % glandular)

Figure 7: DM MLO views of breasts uniformly categorized in the respective BI-RADS density

4™ edition categories in paper I and II.

Table 6: BI-RADS density 5™ ed. (67).

BI-RADS density

St g Description
ed.
A The breast is almost entirely fatty
B There are scattered areas of fibroglandular density.
c The breast tissue is heterogeneously dense, which could obscure
small masses.
D The breast tissue is extremely dense, which lowers the sensitivity of

mammography.
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BI-RADS density is currently the most used density assessment method in breast cancer
screening and is included in the standard report. The distribution of the categories is about 10,
40, 40, 10 % from lowest to the highest in screening populations (67). Women in the two
highest categories are considered dense, and the two lowest is considered non-dense.
Therefore, about 50 % of women in breast cancer screening is considered to have dense
breasts. Even though BI-RADS density has been a part of breast cancer screening for almost

30 years, there is still major issues with inter-observer variability (8).

2.4.3 Computer aided mammographic density assessment

Planimetric

As there was major subjectivity in the assessment using SCC classification, an effort was
made to make a semi-automatic software called Cumulus (68). This software calculated the
ratio of the breast area occupied by dense tissue to the total area of the breast, like SCC. But
rather than using an ordinal scale, Cumulus used a continuous scale (68). To use this software
the screen-film images had to be digitized, and the operator had to manually set the threshold
for what the software considered dense and non-dense. Cumulus then calculated the fraction
of the breast area that was dense tissue. As this assessment required manual input, it did not
eliminate the variability in assessment (63). This method was also too labor intensive to be
implemented in routine mammography screening, but for the next two decades it was
considered the gold standard in breast density assessment for research (61). Other planimetric

software has been written for research purposes, but none were as popular as Cumulus (61).

A modern commercial area-based density assessment software Densitas™ (Halifax,
NS, Canada) uses an Artificial Intelligence driven method on processed DM images to assess

area-based density and provides a BI-RADS density like score.
Volumetric

In order to accurately assess the physical amount of fibroglandular tissue, volumetric breast
density assessment is necessary. Here, breast density is defined as the ratio of volume

fibroglandular tissue to the total volume of the breast.

Volumetric breast density can be estimated using projection images from
mammographic imaging. Initially a method called the standard mammographic form (SMF)

was used (eq. 6) (61,69-71).
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EmP (x) = ¢ (V,, X) Ayt foEmax NI (V,, £)G(e)D () e Huucite@plateg=hu(e) ge  (6)

E'™P (x) is the energy imparted on the detector element x by primary photons.

¢ (V¢, x) is the photon flux at the tube voltage V;. A, and the t;is the area of the pixel and

exposure time, respectively. NJ¢'(V,, ) is the relative number of photons at energy €. G (&)
describes transmission through the grid and D (&) describes the absorption ratio of the detector
for primary photons. Lyt (€) is the linear attenuation coefficient of lucite and hy ;4 is the
height of the (lucite) compression paddle. The energy imparted is known from the raw data
image. The amount, and energy of the radiation is known from the DICOM metadata, which
allows for determination of the x-ray spectrum (72) and linear attenuation coefficients (73).
The height of the breast (H) is known from the compression thickness, and the breast is

modelled as two compartments: height of fibroglandular tissue (h;,;) and height of fatty tissue

(hfae) (eq. 7-9).

hu(e) = hipeting () + hfatp-fat(g) (7)
H = hjpe + hfat (8)
hu(e) = hine (Hint(&") - lifat(g)) + Hp-fat(g) ©)

Eq.9 can be substituted into eq. 6, which can be solved for hjy. This type of method is often
labeled as an absolute physics approach. As the equation ignores scattered radiation it must be
corrected for (71). However, small uncertainties such as a 1 % error in compressed breast
thickness could lead to large errors in the estimated breast density using this absolute physics
model (61,74). Therefore, these methods require calibration of the image, either using a step
wedge in each image (70,75) or using imaging parameters and the breast images for
calibration (76,77). The imaging based calibrations are based on finding a pixel representing
pure fat, which can be difficult to find in very dense breasts, resulting in potential
underestimation on the breast density in these women (78,79). Prior to volumetric density
estimation, the algorithm must segment the breast, removing the edges of the compression
paddle (if present) and the pectoral muscle. Several implementations for volumetric breast
density assessment exists and is explained below. As some of these are commercial software,
they are likely to involve elements unknown to the authors. The following explanation serve

as a rough guide to the philosophy behind the algorithms.

20



Input:

H kvp

29
s»<| DeviceSerialNumber ‘81004100244
o< SoftwareVersion 'AWS:1.3.0.116\M]
s»<| ProtocolName ‘RMLO'
1] DistanceSourceToDetector 700
11 DistanceSourceToPatient 622
i EstimatedRadiographicMagnifi... 1.0730
1] ExposureTime 1619
| XrayTubeCurrent 160
{1 Exposure 269
1] ExposurelnuAs 269000
I ImagerPixelSpacing [0.0700;0.0700]
ve| Grid ‘IN'
{1 FocalSpot 0.3000
s»<| AnodeTargetMaterial ‘TUNGSTEN'
i1 BodyPartThickness 53
{1 CompressionForce 145.1000
Raw data DM image DICOM metadata
Calculations: Output:

Segmentation of breast and pectoralis

Absolute physics model:
Eimp(x) ey (IJ(V‘,';‘)AMv fn"'""’ ND"P' (Vr,g)(;(g)[;(g)g*l'nmre[s-"m«ree—lw(ndg

huCE) = hine (ine(©) = Wpae () + Hitgar(e)

Tabulated properties:
5
¢ ---
Abd (%)

3 Vbd-score I

g Vig-score
2r Q_abd
]
0
10 15 20 25 30 35 40

keV

Scatter correction
Image based calibration
Proprictary algorithms

Figure 8: An overview of the input, calculation steps and output, of the Quantra™ version 2.0

algorithm. Source: (output) Elsevier, (83) (with permission).

Hologic Inc. (Bedford, MA, U.S.) was in 2008 the first vendor to have a fully
automatic volumetric breast density assessment tool commercially available (80). An
overview of the Quantra™ (Hologic Inc.) algorithm is shown in Figure 8. The software, is
implemented using a method based on SMF, explained above. However, it includes a number
of improvements such as better breast thickness estimation, using more information from the
DICOM header and exploiting beneficial properties of DM images compared to SFM (78).

Thus, Quantra™ uses an absolute physics approach with improved calibration compared to
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the SMF (78). Since the release of their version 1.2 in 2008, version 2.0 (used in this thesis)
implemented a correction for the skin. In addition to calculating volumetric density,
Quantra™ version 2.0 maps density to BI-RADS 4" edition density as scored by radiologists
in the Digital Mammographic Imaging Screening Trial (DMIST) trial (30,81). Thereby
providing a BI-RADS density like ordinal score from 1 to 4 called Quantized density (QD). In
version 2.0 the thresholds in volumetric density was approximately QD 1: <5 %, QD 2: 5 —
13 %, QD 3: 13 —26 % and QD 4 > 26 %. These thresholds are applied on a per image basis.
To get the QD score on a per breast basis, the QD score (with decimal precision) is averaged,
then rounded to yield a breast-based score. To get a per subject score the maximum QD score
of the left and right breast is used (81). Quantra™ can also provide an area-based breast
density by applying a threshold to the proportion of fibroglandular tissue to classify each pixel
as dense or non-dense. Recently, Quantra™ version 2.2 has been released. This version is
directed towards BI-RADS density 5 edition. BI-RADS density 5 edition can classify a
woman as having dense breasts if a small portion of the breast is very dense, even if most of
the breast contains fatty tissue. Therefore, Quantra™ version 2.2 uses a new algorithm, based

on machine learning which includes pattern and texture analysis (82).

Volpara™ (Matakina, Wellington, New Zealand) is another software providing
volumetric density assessment. Unlike Quantra™ they have implantation based on the relative
physics approach (eq. 10) (77,79).

In(P P
ha(x) = & Frat) (10)
Ufat—Hdense
Where hy is the thickness of dense tissue, P(x) and Pg,; is the pixel value at location x and
reference pixel representing fat only (84). In addition to volumetric density, Volpara™ also
provides a BI-RADS density like score from 1 to 4 called Volpara Density Grade (VDG),

based on thresholds in volumetric density. For version 1.5.0, VDG 1: 0,0 —4.5 %, VDG 2: 4.5
—7.5%, VDG 3:7.5—-15.5% and VDG 4 > 15.5 % (85,86).

Cumulus V is a volumetric breast density algorithm developed at the University of
Toronto. This algorithm uses a refinement of the step-wedge phantom calibration (75,87),
which is a simplified version of the absolute physics approach explained previously.
Although, used in research, the calibration requirement makes this approach infeasible to

implement in population-based screening.
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These volumetric approaches have been validated towards MRI which produces 3
dimensional datasets showing that both Quantra™ and Volpara™ can predict breast density
accurately (77,88,89). The automatic volumetric algorithms have been compared in several
studies. Despite being based on different approaches they well correlated and reproducible
(84-86,90-92). With the Volpara™ algorithm resulting in higher density estimates compared
to Quantra™, especially for very dense breasts. Additionally, the proportion of women given
a BI-RADS density like score indicating dense breasts was higher using Volpara™ (version

1.5.0) compared to Quantra™ (version 2.0) (86).

2.5 Breast density and breast cancer screening

2.5.1 Screening for breast cancer

Rationale for screening

Breast cancer screening is based the assumption that breast cancer is a progressive disease for
which early detection improves prognosis. As mammography facilitates early detection of
breast cancer, one can start treatment of cancer while the prognosis still is favorable. This is
critical as even with modern treatment the survival for most stage I'V breast cancers remain
below 20 % (93). But even with frequent screening, some tumors have growth rates which

results in clinical detection between screening rounds, e.g. interval cancers.
Cohort and screening interval

In Norway, mammography screening is offered biannually for women between 50 and 69
years (94). In the United States (U.S.) and elsewhere in Europe screening is generally
recommended annually or biannually from 45 - 50 years up to 75 years (14,95,96). Women
emphasizing the benefit of screening more than the risk can opt to start screening at 40 in the

U.S (14,95).
Mammography screening workflow

In BreastScreen Norway mammography screening is performed using double reading. Two
radiologists read the images and if at least one reader scores the case positive, the case is
discussed at an arbitration/consensus meeting. Here, a team of radiologists review the case
and decide whether to recall the woman for additional assessment. In the U.S. mammography
screening is generally performed using a single reader, and consequently without
arbitration/consensus meeting. It is worth noting that in the U.S. the recall rate is much higher

than in Europe at about 10 % (97), while in Norway it is about 3 % (94).
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Benefits of mammography screening

Mammography is the only screening method shown to reduce mortality from breast cancer
(98—100). The mortality reduction due to screening is closely followed by the reduction in
node positive disease (stage II or worse) (94,101). Breast conserving surgery is preferred for
patients with early stage disease, additionally tumor size and node status also influence
whether adjuvant radiotherapy should be used (102). Therefore, early stage disease can be

treated with less treatment morbidity compared to late stage disease.
Potential harms of mammography screening

Overdiagnosis is: “the diagnosis of a cancer as a result of screening that would not have been
diagnosed in the patient’s lifetime if breast cancer screening had not taken place” (103). These
cancers can be slow growing, indolent or cancers that might regress. Unfortunately, it is
currently not possible to determine which cancers will turn out fatal and which are

overdiagnosed. Overdiagnosis remains a controversial issue as it is difficult to assess.

Another limitation of mammography is false positive screening results. As the
incidence of cancer in the general population is low, most positive interpretations in
mammographic screening are false. It is estimated that about 20 % of women in European
screening programmes (10 biennial screens between 50 — 70 years) had a false positive result
and was recalled for further assessment (104). For U.S. women starting annual screening at
50, there was a 61.3 % chance of a false positive as recall rates are higher compared to Europe
(105). When a woman is recalled for further assessment, she will often experience breast

cancer-specific psychological stress that can endure for up to 3 years (106).

Some cancers are not detected at screening but detected prior to the next screening
round. These cancers are called interval cancers (IC). A commonly used measure of
sensitivity of a screening test is the program sensitivity, which is the ratio of screen detected
cancers (SDC) over SDC plus IC (107). As the program sensitivity of mammographic
screening is in the range 70 - 90 % (108-110), some women will have a negative
mammography examination while harboring a breast cancer. These women could be falsely

reassured by the negative mammography examination, leading to a delay in diagnosis (95).

Radiation dose can cause radiation induced cancer. However, the risk of radiation
induced cancer is reduced with increasing age of the patient (111). As the women targeted by

mammography screening are older than 40, the risk of inducing cancer is low. An estimate for
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the U.S. screening program yielded 86 cancers due to radiation, 11 of which results in cancer
deaths per 100,000 women. This is small compared to the estimated mortality benefit of
earlier detection of breast cancer due to screening (112). For a European screening regimen
with biennial screening the number of cancers induced and corresponding deaths will be

lower.

A limitation of mammography is pain experienced by the woman during the required
breast compression. The compression is necessary to distribute the breast tissue across the
detector to minimize the overlapping breast tissue, and to reduce the breast thickness to
reduce radiation dose. The pain experienced by the woman could deter her from returning to

subsequent screening (113).

2.5.2 Breast density and risk.

Since Wolfe showed association between parenchymal patterns and breast cancer risk (59),
breast density and breast cancer risk has been studied extensively. In the literature, breast
cancer risk is often reported comparing almost entirely fatty- to extremely dense breasts. This
yields a relative risk of about 3 — 6 (63,114—119). This description of risk, where the extremes
of breast density is compared, is not meaningful to most of the women, which fall into the
intermediate breast density categories (120—122). Comparing women with heterogeneously
dense breasts (BI-RADS density C) to the average of women, have 1.2 times relative risk, and
women with extremely dense breast (BI-RADS density D) have about 2 times relative risk
(120,122-126). Recently, volumetric breast density assessment has been validated as an
alternative for risk assessment for breast cancer due to breast density (127,128).
Automatically calculated breast density can also be followed longitudinally, and high
fluctuations in a woman’s breast density has been shown to be associated with interval

cancers (129).

2.5.3 Breast density and masking.

Since the masking hypothesis was generated (1) and confirmed (2), several studies have
shown that dense breast tissue can mask breast cancer during screening mammography
(32,130-134). Masking occurs when fibroglandular tissue exists in the vicinity of the lesion,
making the lesion indistinguishable from the background. In other cases, lesions can only be
partly obscured, masking certain features of the lesion, such as spiculations, leading the

radiologist to erroneously mistake the dense patch as fibroglandular tissue.
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Studies on mammography screening using SFM has shown program sensitivity of 80 —
88 % for non-dense breasts, 58 — 69 % for heterogeneously dense breasts, and 29 — 62 % for
extremely dense breasts (32,132,133). DM perform better in dense breasts reducing the effect
of masking compared to SFM (30,34,36,135-137), due to a wider dynamic range (35,138).
Estimates of program sensitivities range from 75 — 100 % for women with non-dense breasts,
69 — 82 % for women with heterogeneously dense breasts, and 47 — 84 % for women with
extremely dense breasts (3,137,139,140). A similar trend has also been shown using

Volpara™ for density stratification (141).

Some cancers might be masked at the time of screening without becoming interval
cancers. Consequently, program sensitivity might underestimate the effect of masking.
Several studies have investigated the use of MRI as an adjunctive modality in high risk
cohorts. As MRI is a more sensitive technique than DM, these studies can be used to
investigate the extent of masking when using DM. Aggregating the results from five studies
the mean sensitivity for SFM was 40 % compared to the sensitivity of MRI was 81 % (142—
147). Research combining screening ultrasound with mammography found that 78 % of
tumors found using ultrasound only was obscured by overlapping breast tissue and 19 % were

due interpretive errors in mammography (4).

With the recent introduction of DBT which produces pseudo 3D images in which “out
of slice” objects are blurred, there is a potential for reducing masking, if DBT is implemented

in mammography screening.

2.5.4 Density and false positives

Dense breast tissue can be superimposed such that it mimics the appearance of a breast
cancer. For instance, superimposed fibrous strands of normal tissue might seem to radiate
from a common origin, which could be interpreted by the radiologist as spiculations without a
central mass (an architectural distortion). Or if in addition, a patch of fibroglandular tissue
was superimposed the origin, the radiologist might interpret the image as a spiculated mass.
Super position of glandular tissue can also generate the appearance of an asymmetric density.
Such false positive result would lead to a recall of the woman for additional imaging and/or

needle biopsy.

Women with dense breasts have increased false-positive rate compared to women of
lower density. In SFM the specificity is reduced from 91.2 — 96.5 % in non-dense breasts to

90.8 — 89.6 % in dense breasts in a U.S. screening program (32,148). Similarly, in DM it was
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shown that false positive rate was higher for women with dense breasts compared to women
with non-dense breasts (34,36,140,149). With specificity of 94.7, 91.2, 87.3 and 88.7 % for
BI-RADS density I — IV, respectively (137). A similar reduction in specificity has been seen
in Europe with specificities of 98.9, 98.5, 98.2 and 97.6 % for Volpara density grade 1 — 4,
respectively (141).

The lower specificity in dense breasts leads to higher recall rates and more
recommendations for biopsies for these women (149). A reduction in false positive rates for
women with dense breasts after implementation of DBT, could have a major effect on the

cost-effectiveness of a screening program (150),

2.5.5 Breast density legislation

Due to the focus on breast density, breast density legislation was implemented at a federal
level in the U.S. 28 March 2019. The mammography quality standards act was updates so
mammography facilities must include breast density information to the patient and healthcare
provider. Since 2008, many individual states already introduced similar laws. This breast
density information must include whether the woman has dense or non-dense breasts, breast
density score on a four point scale (similar to BI-RADS density) and a summary of the
significance of the density written in lay man’s terms (5). The goal is that the woman can
discuss, with her healthcare provider, whether she should opt for supplemental examinations
such as ultrasound and MRI. A few states also reimburse the additional examinations if the
woman has dense breasts. Many researchers are cautious as dense breasts are common, and

the evidence surrounding supplemental screening is lacking (126).

2.5.6 Personalized screening

In population-based mammography screening, women are offered annual or biennial digital
examinations with a frequency dependent on programmes offered in their country. Except for
women of exceptionally high risk of breast cancer, mammography is implemented as “one
size fit all”. This approach has been challenged by interest groups (151,152) and researchers
(118,153) promoting personalized screening, based on breast density and breast cancer risk. In
this type of personalized screening the screened cohort is divided into subgroups, e.g. women
with dense and non-dense breasts, where certain groups are screened using adjunctive

modalities.
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3 Aims

The aim of this thesis was to compare the density classification using BI-RADS density
classification to automatic breast density assessment software. Then to compare digital
mammography and digital breast tomosynthesis with respect to diagnostic accuracy and

radiation dose for women of different breast density categories.

3.1 Specific aims

3.1.1 Paperl

The main scope of paper I was to find the volumetric density threshold that best classifies
breasts as fatty and dense compared to an average BI-RADS density classification by multiple
radiologists. The secondary aim was to analyze the interobserver variability in density

assessment.

3.1.2  Paper Il

The main scope of paper II was to evaluate whether areometric or volumetric breast density
best matched the BI-RADS density categorization by radiologists. The secondary aim was to
generate a set of areometric and volumetric threshold values to allow estimation of BI-RADS

classification.

3.1.3 Paper Il

The main purpose of paper III was to compare the average glandular dose in paired digital
mammography and digital breast tomosynthesis acquisitions in screening stratified by
automatically calculated density categories. The secondary purpose was to analyze the effects
of incorporating breast density assessment and measurements of radiation dose and beam

quality on the estimates of average glandular dose.

3.1.4 Paper 1V
The aim of paper IV was to compare the true-positive and false-positive interpretations in
digital mammography vs. digital breast tomosynthesis in subgroups of volumetric breast

density, age and mammographic findings.
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4 Methodological considerations

4.1 Oslo Tomosynthesis Screening Trial

The Oslo Tomosynthesis Screening Trial (OTST) was performed, as evidence on performance
of DBT versus DM was needed. When OTST was designed, it was unclear whether DM
would be performed with computer aided detection (CAD) and if DBT would be acquired
along with a DM- or a synthetic DM image. Consequently, OTST was designed as a four
armed trial with two 2D (2-Dimensional) - (conventional DM and DM with CAD) and two
2D plus DBT (DBT plus DM and DBT plus synthetic DM) arms. OTST was a prospective
trial where 24,301 women age 50 to 70 were recruited from the population-based screening
program BreastScreen Norway at the breast center in Oslo University Hospital. All women
included were imaged using both DM and DBT under the same compression (combo mode).
A thorough description of the study design and image interpretation has been reported
elsewhere (41,108,154,155). All women with at least one positive interpretation were
discussed at a consensus meeting, where the radiologists evaluated breast density using BI-
RADS density 4" edition in consensus. 4" edition was used as this was the gold standard
when the trial started. Radiologists had access to both DM and DBT images with associated
C-view images at the consensus meeting. Breast density was assessed using Quantra™
version 2.0, which is based on the raw DM projections. Quantra™ results were not shown to
the radiologists. Quantra™ calculated volumetric- and area-based breast density and provides

a BI-RADS density like score based on volumetric breast density.

The paired design of OTST was well suited to compare diagnostic performance and
radiation dose between DM and DBT as all women were imaged prospectively using both
modalities. Thus, this study design had greater statistical power to show a potential difference
between modalities, compared to an unpaired randomized controlled trial (RCT). Still, the
paired design had a significant drawback compared to RCT, as we could not know if missed

cancers in one arm would have developed into interval cancers.

An important part of the study design in OTST was the common consensus meeting,
where the decision to recall women was taken based on access to all images. This design was
necessary due to practical reasons, as the workload of the OTST trial would have exceeded
the capabilities of the breast center by having separate consensus meetings for DM and DM
plus DBT arms. This is a weakness of the study design and must be kept in mind when

interpreting the results, especially with respect to recall rate.
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4.2 Mammography equipment

The mammography equipment used in OTST were three Hologic Selenia Dimensions units.
These DM systems are capable of performing both DM and DBT acquisitions. In this study,
DM and DBT acquisitions were performed during the same compression (combo mode). The
unit was operated with the AEC setting ‘auto filter’ when used for screening, as recommended
by the manufacturer. In DM mode, 50 pm Rh filter was used for breasts of thickness < 70 mm
and a 50 um Silver (Ag) filter for breasts > 70 mm. The unit is equipped with a Tungsten (W)
target. When performing a DBT acquisition, the tube moves in a £7.5° arc recording 15
images. In DBT mode, a 0.7 mm Al filter is used. The anti-scatter grid is retracted, and the
detector elements are binned 2x2. The DBT acquisition is reconstructed using a filtered

backprojection reconstruction algorithm.

4.3 Automatic breast density assessment

Breast density assessment using Quantra™ version 2.0 was performed for all women in the
trial (the algorithm is described in chapter 2.4.3). To avoid reader bias, the result of this

assessment was stored on file, not shown to the readers in the study.

The reader study (paper I and II) revealed three (of 540 women) Quantra™ density
assessment outliers. These images were unanimously classified as almost entirely fatty breasts
by the radiologists, and dense (category 3 or 4) by Quantra™. These large fatty breasts had an
image artifact manifesting as a dark rim along the breast edge, in which Quantra™ likely
selected the fat reference pixel. Therefore, the inner part of the breast was erroneously
estimated to contain large amounts of fibroglandular tissue (156). These cases were excluded

from the laboratory study (paper I and II).

There were three breasts which were classified as dense breasts in agreement with the
radiologists. However, they were reported to have 100 % volumetric breast density, which is
unrealistic. All these were small dense breasts imaged using a small paddle. This paddle is
visible on the image. The Quantra™ team at Hologic reported this likely was a failure in the

image segmentation algorithm (Hologic, Personal communication).

Thus about 1 % (6 of 540 women) of the Quantra™ results contain errors, with half of
these result in obvious misclassification of breast density compared to radiologist’s

assessment.
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4.4  Reader study (Paper I and II)

Rationale for performing the reader study

The goal of paper I and II was to compare the radiologist- to automatic breast density
assessment performed using Quantra™ version 2.0 and to assess the inter-observer variability
of radiologist’s assessment. In order to minimize potential bias compared to density
assessment in population-based screening, such comparison should have been performed
within a population-based study, such as OTST. Unfortunately, this was not possible in OTST

due to some elements of the study design, such as:

» The BI-RADS score was set in consensus producing only one score, making
evaluation of inter-observer variability impossible. Single reader assessment would
likely produce a higher number of outliers than a consensus assessment.

» The BI-RADS density assessment was only performed on women with positive
interpretations. Therefore, they will represent women with cancers, benign findings or
women that are difficult to assess. This group has a higher breast density on average
than all women included in OTST (155).

» At the consensus meeting the readers had access to DBT and C-view as well as DM,
which might influence the scores. As Quantra™ version 2.0 evaluates DM images we

chose to limit the comparison to DM only.
Reader study cohort

We chose to compare Quantra™ and BI-RADS density assessment in a reader study with 537
women randomly selected from the OTST trial. Comparing the Quantized density distribution
in the reader study and for all women included in OTST using Chi squared statistics () (p =
0.93) indicate successful randomization and consequently minimal selection bias. Thus, this

cohort is therefore representative of population-based mammography screening.
Using BI-RADS density 4™ edition

Although BI-RADS 5™ edition was released at the time of the reader study we chose to use 4™

edition as Quantra version 2.0 uses mapping based on BI-RADS density 4™ edition.
Experience and training of radiologists
Five radiologists from Oslo University Hospital participated in the trial. This allowed us to

compare the assessment from several radiologists for the same women. However, as the
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radiologists came from the same center, their inter-observer variability could potentially be
lower, compared to a study performed in a multicenter setting, since radiologists in one center
potentially learn from each other and develop a local breast density assessment “culture”. As
all radiologists were recruited from a large university hospital there is a possibility that the
reader study has some reader selection bias (157). The radiologists had a wide span of
experience in screening mammography, 1, 3, 11, 24 and 34 years. The reading order was

randomized for each radiologist, to avoid reading order bias (157).

Prior to density assessment the radiologists participated in training to familiarize with
the BI-RADS density 4" ed. scale (156). This was done to ensure radiologists were recently
trained on density assessment on women of all densities. The radiologists were blinded to the
Quantized density score when they were interpreting the 537 cases to avoid review bias (157).
The fact that the radiologists trained with knowledge on Quantized density scores prior to the
study might have introduced some minor review bias. Another factor potentially influencing
breast density assessment is that this is a reader study setting, rather than a screening setting.
When the radiologist evaluated the images in this study, breast density was the most important
characteristic of the image, not whether cancer was present in the breasts. Additionally, when
interpreting images in a reader study there is no consequence to the patient, which might lead

radiologists to change their reporting patterns (158).
Comparison of density assessment in the reader study and OTST

In this section we will attempt to assess potential differences between BI-RADS density
assessment in the reader study and OTST. Table 7 shows the distributions of Quantized- and
BI-RADS density for the two study settings. First, the Quantized density in the reader study
was comparable to the corresponding density distribution for all women included in OTST.
Comparing Quantized density distributions for all women and women evaluated at consensus,
the average breast density 1s higher for women evaluated at consensus. However, the
proportion of women classified with dense breasts using BI-RADS density are similar (45.9
% in OTST at consensus and 45.4 % in the reader study) and more women were considered to
have extremely dense breasts in the reader study. This indicates that the radiologists were
more likely to classify breasts as dense and extremely dense in the reader study than in a

screening setting.
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Table 7: Density distributions in OTST and the reader study.

Quantized density BI-RADS density (%)
Cohort
1 2 3 4 I 11 111 v

OTST all

11.8% 533% 274% 1.5%
women
OTST

7.8% 494% 333% 9.6% 82% 459% 389% 7.0%
consensus
Reader

q 121% 542% 268% 69% | 13.6% 41.0% 350% 104 %

stuay

The correlation and inter-observer agreement between Quantized density and the radiologist’s
assessment was also slightly higher in the reader study. Spearman’s correlation was 0.73 [95
% Confidence Interval (CI): 0.69 — 0.77] in the reader study versus 0.70 [95 % CI: 0.68 —
0.72] in OTST at consensus. Cohen’s kappa using four categories with quadratic weights was
0.72 [95 % CI: 0.68 — 0.76] in the reader study versus 0.69 [95 % CI: 0.67 — 0.71] in OTST at

consensus (155). As the confidence intervals overlap, the difference was not significant.

4.4.1 Paperl

In paper I the inter-observer variability in radiologist’s breast density assessment was
assessed. This can be performed in several ways: For instance, comparing the results of each
radiologist or comparing each radiologist to a reference score. As a previous study used
comparison to majority score, we opted to use a similar method to facilitate comparison of
results (43). As we used five readers, we opted to use the median score, rather than majority

as two scores potentially could tie for the majority score.

Although inter-observer variability described using kappa is a well-established
method, its consequence can be hard to interpret. Therefore, we employed a novel method of
describing the inter-observer variability in density assessment. We found the volumetric
threshold for each radiologist which separates dense and non-dense breasts with the highest
accuracy. Comparing these thresholds between radiologists and the density distribution of the
cohort, facilitates a comparison of radiologists which are easier to interpret. A clinically
relevant metric describing the inter-observer variability is the number of women classified as

dense and non-dense by individual radiologist. As this would have a direct consequence in
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personalized mammography screening. However, this proportion is greatly influenced by the

number of readers, as outlier interpretations add to this metric.

In paper I Table 2, the inter observer agreement between Quantized density and the
median score of the radiologists was not reported. These values are reported here: Four
categories with quadratic weights: 0.719 (95 % Confidence interval (CI): 0.678 — 0.760), Four
categories unweighted: 0.453 (95 % CI: 0.391 — 0.515) and dichotomized 0.635 (95 % CI:
0.570 —0.700).

4.4.2  Paper Il

The main scope of paper II was to evaluate whether volumetric or areometric breast density
assessment best matched the radiologists’ assessment, and to provide threshold values for
generating BI-RADS density distributions from automatically performed breast density
assessment. We also wanted to compare the threshold values found with the default

classification in Quantra™; Quantized density.

To evaluate the assessment method that best matched the radiologist assessment, we
used Receiver Operating Characteristics (ROC) methodology and the metric; area under the
curve (AUC). This metric incorporates all possible thresholds for density classification and is
therefore not dependent on the choice of threshold. Interpretation of the results must be
performed with care, especially if the ROC curves for the two methods cross at some
important location in the ROC curve. In paper II, none of the curves cross near a clinically

relevant location, strengthening the conclusions derived from the ROC analysis.

In order to extract a threshold value, a single ROC point had to be selected. For this,
we used the Youden’s index, which is the point farthest from the chance diagonal. These
thresholds resulted in the best sensitivity and specificity to classify dense breasts compared to
BI-RADS density assessment. Still, it resulted in density distributions which were very
different from traditional BI-RADS density assessment (67). We also selected density
thresholds to enforce the distribution generated by the median radiologist’s score. This
method changed the thresholds for the extreme densities the most, resulting in less agreement.
Using the default categorization in Quantra™; Quantized density generated even lower
agreement than the two previous methods. Especially, with respect to the threshold between
women with dense and non-dense breasts. However, this is not surprising as the former

thresholds were generated by optimizing agreement with radiologists.
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An important question is how the density categorization would change if Quantized
density was implemented. Table 8 shows the correlation between Quantized density and BI-
RADS density using the latter as reference. Almost all non-dense breasts categorized using
BI-RADS density is correspondingly categorized using Quantized density. Almost a third of
the dense breasts are downgraded to non-dense using Quantized density. In the four-category
classification, much overlap between the extreme density categories and neighboring

categories can be seen.

Table 8: Correlation of Quantized density with BI-RADS density in the reader study, where
BI-RADS density is the reference.

Quantized density Quantized density

Reader study
1 2 3 4 Non-dense dense

1 |46.6% 534% 0% 0%
BI-RADS Non-dense 94.5 % 55 %
I|1141% 786% 73% 0%

density
Im| 0% 411% 559% 32%
(reference) Dense 32.4 % 67.6 %
IV| 0% 36% 41.1% 554 %

4.4.3 Validation of Quantra™

An important aspect of choosing volumetric or areometric assessment for density assessment
was the validation of the two methods. Paper II addresses this by investigating the correlation
between the two. The measures were well correlated (r* = 0.76), indicating they provide
similar measurements. As the left and right breast of a woman tend to be similar, a validation
of the density assessment is the correlation between the density of the left and right breast.
Both areometric and volumetric assessment have similar correlation between breast density of

contralateral breasts.

4.5 Dosimetry study (paper III)

In mammography screening trials average glandular dose (AGD) is frequently reported as the
AGD estimated by the modality which can be obtained from DICOM metadata. We suspected
the AGD to have considerable inaccuracies, particularly since it does not account for the
breast density. Therefore, we wanted to perform an AGD comparison of DM and DBT in

OTST incorporating breast density and on site measurements of the radiation output.
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The “Dance model”

The dosimetry for paper III was performed using the European protocol for breast dosimetry

(159,160), which uses a model published by Dance et al. (161-164).

In the “Dance model” the breast is modelled as a semi-cylinder with 16 cm cross
section. The central region of the breast contains a homogeneous mixture of fat and
fibroglandular tissue with a 5 mm outer rim of adipose tissue, except on the chest wall side.
The ratio of fibroglandular tissue by weight to the total weight of the central region is referred
to as the glandularity. AGD to this breast model has been estimated using Monte Carlo
simulations (161-164). Identical exposures are modelled with an ionization chamber (without
a breast) positioned at the entrance point of the breast, to simulate a measurement of entrance
Air KERMA. The ratio of the simulated AGD and the entrance air KERMA is the g-factor in
the “Dance model”, can be used to convert entrance air KERMA to AGD. Since 1990 the
“Dance model” has been refined by adding various correction factors to account for
anode/filter combinations other than Mo/Mo (eq. 11); the s-factor (162,163). The c-factor was
also added to account for glandularities other than 50 % (162). And a T-factor has been added
to allow for AGD estimates in DBT (164).

D=K-g-c-s-T (11)
Why measure half value layer

The g-factor is tabulated by breast thickness and the HVL of the radiation beam (161). The
breast thickness is obtained with sufficient accuracy from the DICOM metadata of each
image. The HVL can also be obtained from the DICOM metadata. But the value reported in
the DICOM header showed to have limited accuracy, resulting in an error between 2 and 12
% 1n the final estimate of AGD compared to measuring HVL (165). We measured HVL for all
clinically used beam qualities on all three mammography units used. The measurement of
HVL was performed according to the International Atomic Energy Agency (IAEA) protocol
(160). A 10X6-6M ionization chamber (RadCal Corporation, Moravia, CA, U.S.) was used
with an AccuPro digitizer (RadCal Corporation) which automatically corrects for ambient
temperature and pressure. The paddle was elevated to the maximum height, and the beam well
collimated with a lead diaphragm, to minimize the influence of scattered radiation. The
ionization chamber was positioned 4.5 cm above the breast support, which was covered by a

thick steel plate to minimize backscatter and protect the detector. Sheets of high purity
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aluminum (RadCal Corporation) was inserted between the lead diaphragm and the ionization

chamber. And the HVL was calculated according to the standard formula (160).
Why measure air KERMA

The entrance Air KERMA of a mammogram can also be found in the DICOM metadata.
However, paper III showed that the errors using the DICOM header entrance Air KERMA
was up to 7.5 %, for the unit with the largest deviations compared to measuring entrance air
KERMA. Therefore, Air KERMA was measured in a similar setup as for HVL, but without
the lead diaphragm and aluminum sheets, and with the paddle in contact with the ionization
chamber. Air KERMA for a 100 mAs exposure was measured for all clinically used beam
qualities on all mammography units. As it is infeasible to perform this measurement for all
clinically used mAs values, the air KERMA value was scaled according to the clinically used
mAs value for the respective mammographic view. This approach assumes linearity between
mAs and air KERMA, which was verified in the mAs range 40 — 400 with linear regression
producing an r? value of 0.9999. The reproducibility of the ion chamber measurements was

also tested for 10 identical exposures, resulting in a relative standard deviation of 0.25 %.
Measurements on DBT spectra

Dosimetry in DBT acquisitions are complicated by tube movement and the angular response
by the dosimeter, which can lead to underestimation of the radiation dose. Hologic has
implemented a specific protocol used to perform dose measurements called “zero-degree
tomo”. In this mode, the tube is stationary perpendicular to the detector but otherwise
performs acquisitions identical to tomosynthesis projections. In the “Dance model” of the
breast at steeper DBT angles the x-ray beam must traverse more breast tissue compared to the
perpendicular position of the tube. This reduces radiation dose. The T-factor in the Dance

model is dependent on the DBT angle and accounts for this dose difference.
The choice of using an ionization chamber

We chose to perform the measurements using an ionization chamber (10X6-6M, RadCal
Corporation), as the effective atomic number of air is similar to tissue. This eliminates the
need for correction factors accounting for the difference in dose deposition in solid state
dosimeters and soft tissue. Similar measurements could be performed, measuring HVL and air
KERMA simultaneously (without needing aluminum), using solid state dosimeters with built

in corrections for mammographic beam energies. However, preliminary tests revealed
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deviations in the order of 8 % when measuring air KERMA and 2 — 8 % when measuring

HVL.
Incorporating glandularity into dose estimates

There is a subtle, but important difference between the glandularity in the “Dance model” and
the volumetric breast density measured by Quantra™. Glandularity in the “Dance model” is
measured by weight rather than volume. In addition, glandularity refers to the faction of
fibroglandular tissue only in the central core of the breast (not the 5 mm thick adipose tissue
modelling subcutaneous fat). As the DICOM metadata contain the breast thickness and
Quantra™ report the fibroglandular and total volume of the breast, it is possible to convert
volumetric density to glandularity using the method described in paper III (165). We chose to
include the distal 5 mm semi-circle shell into the core volume, even though this was not
included in the original “Dance model” (161). We did this as the glandularity versus age
model in Dance’s paper introducing the c-factor was based on estimates of glandularity based
on clinical technique factors on phantoms with tissue known equivalent composition without
the distal adipose tissue (166). Therefore, including this region would bias our glandularity

estimates compared to the original estimations by Young which was applied by Dance (162).
Obtaining the DICOM metadata

As paper III involves dose calculations for numerous women, automatic collection of DICOM
metadata was necessary. A script obtained from Hologic was used to extract relevant DICOM

metadata from the examinations at a workstation.
Limiting the cohort for dose estimation

We performed dosimetry measurements on the three mammography units in November 2012.
As beam energy and radiation output potentially can be adjusted at periodic service, we

limited our cohort to within the service interval in which we had measurements. Additionally,
a few months into the OTST trial, the manufacturer adjusted the AEC response for all similar
systems worldwide. We judged it important that our analysis reflected the most current

system design, which also was a reason for limiting the cohort for the OTST dosimetry. Thus,
by excluding women images in other service intervals we chose quality over quantity of data,

as 3,819 women with 15,276 paired views were considered sufficient.
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Calculation of AGD

The DICOM metadata, Quantra™ data and the measurement data were combined on a per
view basis. Then a Matlab (Mathworks, Natick, MA, U.S.) script calculated the AGD using

the “Dance model”.

4.6 Diagnostic accuracy stratified by breast density (paper IV)

Choice of outcome variables

In paper 1V, the aim was to evaluate the diagnostic accuracy stratified by breast density and
age. Usually evaluation of mammographic screening with adequate follow-up report
sensitivity, specificity, cancer detection rate or recall rate. Screening detected cancers count as
true positives and the interval cancers as false negatives. Our focus was to compare DM and
DBT, not an evaluation of the screening program. Therefore, we opted to use outcome
measures which were decided prior to the consensus meeting: positive and negative
interpretations. This was done to minimize potential bias due to the common consensus
meeting and diagnostic workup, and to ease the interpretation of the results of the analysis. In
our analysis of 48 451 breasts there were 234 breasts with screen detected cancers and 52
breasts with interval cancers. Interval cancers were diagnosed in eight breasts (8 in the DM
arms and 7 in the DBT arm) which had positive scores. As the scores in OTST were given
breast based and not lesion based, it was not possible to determine whether the positive score
represented detection of the interval cancer. In our analysis, these cases were therefore

considered as false positives.

Many population-based studies reports recall rate. As the decision to recall the woman
was performed at the consensus meeting with access to both DM and DBT images, DBT
likely had influence on the decision to recall women. This can be seen in an analysis present
by Skaane et al. (167), where the number of false positives using DM was higher, but the
recall rate was lower compared to DM plus DBT. The reason was that many suspicious cases
in DM were dismissed at consensus, when the readers had access to DBT. Therefore, a

comparison of recall rate between DM and DBT would be too biased to be meaningful.
Classification of findings

When giving a positive score at interpretation, the radiologists had to classify the score as a
circumscribed mass, spiculated mass, architectural distortion, asymmetric density,

calcification or calcification plus density. The goal of this sub-analysis was to evaluate
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difference in findings between DM and DBT. This classification has considerable inter-
observer variation as the interpretation between categories is subjective. For instance, a
spiculated mass is a mass with radial spiculations, while a distortion is spiculations without a
central mass. Thus, many cases could be classified as either. Therefore, we chose to group
these categories in our analysis. Calcification and calcification plus mass was grouped in a
similar manner. After the OTST was finished, the screen detected cancers were reanalyzed
and classified into a finding category by a consensus of radiologists to ensure thorough

classification of the true positive findings.
Double reading

At the start of OTST several possibilities of future screening modalities were considered. The
performance of computer aided detection (CAD) in DM and performance of synthetic DM
images were not clear. Therefore, OTST was designed with two DM arms, one with CAD and
two DBT plus DM arms with one where synthetic DM replaced conventional DM. As
mammography screening is performed using double reading in Norway, we chose to perform
our analysis double reading. Where 2D double reading consists of Arm A (DM) and Arm B
(DM plus CAD) and 2D plus 3D double reading consists of Arm C (DM plus DBT) and Arm
D (synthetic DM plus DBT). If one of the arms had a positive score, the double reading was
considered positive. This approach is feasible only if the two arms making up the double

reading has similar diagnostic accuracy, which was reported by Skaane et al. (41).
Choice of density assessment method

We stratified our analysis primarily on Quantra™. We only had BI-RADS density scores for
the women evaluated at consensus, limiting our ability to stratify the analysis of the negative
cases. The evaluation was done in consensus, which potentially could yield a more stable
breast density evaluation compared to a single reader evaluation which is most common in the
U.S. However, we reported the BI-RADS density stratified results in the appendix to allow for

comparison of the two methods of assessment.
Transition to Quantra™ in population-based screening

The correlation between Quantized- and BI-RADS density for the reader study is shown in

Table 8. A similar table for women evaluated at the consensus meeting is shown in Table 9.
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Table 9: Correlation of Quantized density with BI-RADS density for women evaluated at the

consensus meeting in the OTST, where BI-RADS density is the reference.

OTST trial Quantized density Quantized density
(women at consensus) 1 2 3 4 Non-dense Dense
I {369% 60.6% 19% 0.6%
BI-RADS Non-dense 87.1 % 12.9 %

I [ 102% 75.0% 14.1% 0.6%

density
| 02% 256% 623% 11.9%
(Reference) Dense 21.9%  78.1 %
V| 0% 0% 346% 654 %

Comparing Table 8 and Table 9 the number of women downgraded to non-dense from dense
is reduced. Furthermore, the agreement for women with extremely dense breasts are higher in
OTST compared to the reader study. This might be a consequence of the thresholds in
volumetric density for determining Quantized density are based on a density assessment in a
population-based screening trial, the DMIST trial (30), rather than reader studies.
Nevertheless, a transition to using Quantra™ would decrease the number of women classified

as having dense and extremely dense breasts compared to BI-RADS density assessment.

4.7  Statistical considerations

4.7.1 Inter observer variability

There are numerous statistical methods that can be used to assess inter observer variability.
The method used in paper I is Cohen’s kappa (k), which measures the agreement between two
observers corrected for the expected agreement by chance. We chose to this method as it
better facilitates comparison with previous studies. The agreement is often classified using an
arbitrary scale published by Landis and Koch (168), where: k <0 is poor, 0 — 0.2 is slight, 0.2
— 0.4 1s fair, 0.4 — 0.6 is moderate, 0.6 — 0.8 is substantial and 0.8 — 1 is excellent. As breast
density is scored on an ordinal scale, we chose to use quadratically weighted kappa. This
method penalizes disagreement between observers more if the discrepancy is larger and

generally yields higher kappa values than unweighted and linearly weighted alternatives.

4.7.2  Accuracy
In paper I, Fig. 2, the performance of each radiologist’s threshold is measured using accuracy.
Accuracy is generally a poor measure for diagnostic accuracy, since for a common condition,

good accuracy can be obtained using a test with high sensitivity but very low specificity (or
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vica versa with a rare disease and specificity). Therefore, ideally diagnostic performance
should be quoted using both sensitivity and specificity. We opted to use diagnostic accuracy
as the proportion of dense and non-dense breasts are about 50 % each. Additionally, quoting a

single number makes the figure easier to interpret.

4.7.3 p-values

A statistical comparison of two measures is usually accompanied by a p-value. If the null
hypothesis is that the modalities have equal performance, the p-value represents the
probability of the two measures being equal given the observed difference in measures. The
most common threshold for rejecting the null hypothesis is a p-value of 0.05 and was

employed throughout the papers in this thesis.

4.7.4  Confidence intervals

Often confidence intervals are calculated with assumptions of normal distributions. In
mammography true- and false positive rate are often close to one or zero, where this
assumption fails. Instead, one has to use a method based on binomial distributions, such as the
Wilson method (169,170). The CI for the difference between two measures can be estimated
using Newcombe’s paired or unpaired method (170—172). Bootstrapping was also used to

estimate CI’s (170).

4.7.5 Paired statistics
OTST had a paired design. Therefore, measures comparing DM and DBT can often be
performed using paired statistics. Similarly, density assessment was performed using BI-

RADS density and Quantra™ on the same women, which also allows for paired statistics.

For this thesis we have used McNemar’s test instead of Chi squared (x%) whenever
possible. For confidence intervals evaluations are performed using the difference between
performance measures, rather than their value if possible. This approach requires less study

participants to achieve high statistical power compared to an unpaired approach.

4.7.6 Age and density adjustment

In the supplemental material of paper IV age and density adjusted true- and false positive
rates are reported. As breast density decreases with age, one must adjust for one confounding
parameter in order to estimate the isolated effect of the other. To perform this adjustment and
calculate corresponding 95 % CI’s a cluster bootstrap approach was used (173,174). For age
adjustment we divided the cohort into four age groups: 50 — 54, 55 — 59, 60 — 64 and 65 - 69.

Then performance measures were calculated for each density group within each age group
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using bootstrapping with women as resampling unit. Then, performance measures were
averaged for all age groups, which was the age adjusted estimate. This approach mitigates the
effect of the different age distribution among each density as each age group is weighted
equally, regardless of group size. The density adjusted estimates was performed similarly by

grouping the women by volumetric density.

4.8 Limitations and challenges

Due to practical considerations and choices made during planning, study design and analysis

the papers and thesis has some limitations.

As previously discussed, in the OTST there was a common consensus meeting where
radiologists had access to all images when evaluating BI-RADS density. This evaluation was
performed in consensus producing only one score. Our comparison of Quantra™ and BI-

RADS density therefore was conducted in a reader study.

OTST was a single center study performed at a large breast center within a university
hospital. Therefore, the interpretation of images represents those of a large university hospital
enrolled in BreastScreen Norway. There might be differences in smaller rural centers. Some
findings might have limited generalizability to other screening programs. For instance, in the

U.S. single reading is used, and the recall rates are substantially higher.

We had access to Quantra™ version 2.0 which performs density classification based
on BI-RADS density 4" edition, as this was the standard when OTST was initiated. Presently
BI-RADS density 5™ edition is the standard. This edition has less focus on the volumetric
breast density and more focus on whether breast cancers can be masked by fibroglandular
tissue. Even thought DBT was used in OTST, Quantra™ calculated breast density based on
DM projections. Newer versions of Quantra™, can calculate density in DBT acquisitions. In
DBT, Quantra™ only uses the central DBT projection for calculation. Therefore, the results
should be very similar to calculations based on DM images. As the main difference is a
noisier input image, the DM version should provide better estimates if there was a difference

between the two.

Prior to OTST, BI-RADS density classification was not used routinely by the
radiologists. But all radiologists had experience using BI-RADS density in OTST, and they

were specifically trained prior to the reader study.
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The study population was limited to women between 50 — 70 years as the study was a
part of BreastScreen Norway. Therefore, we cannot generalize our conclusions to older or
younger women. The generalizability is especially low towards younger women as these are
more likely to be pre-menopausal, which affects breast density. As OTST was performed in
BreastScreen Norway it is representative of the Norwegian screening population. Other
locations might have different characteristics, such as breast density. An example is Italian
women having less proportion of dense breasts compared to U.S. due to the Mediterranean

diet and lifestyle (175).

We calculated optimal thresholds in percent density to estimate BI-RADS density
distributions. A limitation for this analysis is that the same data was used to optimize the
thresholds and to generate the synthetic distributions. This approach might lead to overfitting
the data. Ideally, the dataset used for generating the thresholds should be separate from the

dataset used to generate the synthetic distribution.

OTST used Hologic DBT equipment. Thus, there might limit the generalizability of our
results compared to a study using different equipment. As radiation dose is a consequence of
the vendor’s choices of radiation spectrum and AEC operation, these results are vendor
specific. Other aspects of the equipment, such as tomo angle and reconstruction algorithm
might greatly influence the image quality which potentially could affect diagnostic accuracy

of the examination.

The estimates of radiation dose are based on the “Dance model”, which assumes an even
distribution of fibroglandular tissue. In reality, the fibroglandular tissue can be located only in
certain quadrants of the breast. If this quadrant is close to the detector, the beam will be highly
attenuated compared to the “Dance model”, thus we would overestimate the dose. Similarly,
we could underestimate the dose if the fibroglandular tissue was located towards the x-ray
tube. This uncertainty is most relevant when considering dose estimated for individual
women. For paper I1I the estimates are reported for different strata of the cohort, in which
these differences would be considerably lower. Individualized dose estimates based on DBT
acquisitions and Monte Carlo simulations were out of the scope of the dose estimations for

paper III.

Many of the papers report numerous p-values. As the number of p-values reported
increases, the probability that some of them are a type I error (false positive hypothesis test).

One can address this using a Bonferroni correction, where the significance criterion for p-
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values of confidence intervals are reduced according to the number of statistical tests
performed. In the OTST trial this was performed with respect to the main outcome of the trial,
where the significance threshold was set to p > 0.0264 for the primary comparison (due to an

interim analysis) (41). However, for secondary assessments the p > 0.05 was maintained.

In paper IV we found a significant correlation between age and true positive rate. This
specific statistical comparison was not preplanned and should therefore be treated with
caution. Significance in such ad-hoc analysis is often the result of random outcomes of the
data. We chose to include it in the paper to make other researchers aware of a potential effect

and use this result to generate an a priori hypothesis.
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S Summary of papers

5.1 Paper I: Classification of fatty and dense breast parenchyma: comparison of
automatic volumetric density measurement and radiologists’ classification and their

inter-observer variation

Before a new method of breast density classification is implemented in mammography
screening, it is important to evaluate the performance of the new method compared to the gold
standard. Currently radiologists use the BI-RADS density scale, which is a subjective
evaluation based on semi-quantitative criteria. In this study we found the volumetric density
cutoff value that results in highest accuracy of radiologists’ classification of fatty and dense
breasts. Inter-observer variability is a major issue when radiologists use BI-RADS density. By
calculating and comparing the best fit volumetric threshold for each individual radiologist, we

can investigate inter-observer variability.

In this study 537 women were randomly selected from the women included in the Oslo
Tomosynthesis screening trial. Five radiologists individually assessed BI-RADS density for
all cases. Furthermore, volumetric density was automatically calculated for all cases. For each

case a median radiologist score was calculated.

The volumetric threshold that best fit the median score was 10 % (i.e. 10 % or lower is
fatty and 11 % or higher is dense). Using this threshold, the classification accuracy would be

87 % compared to the median radiologist score. The default threshold in Quantra is 13 %.

Looking at individual radiologists’, their thresholds varied between 8 and 15 % with
comparable accuracy. This interval includes about 40 % of the women. 36 % of the women
were classified as both fatty and dense by individual radiologists. Comparison of inter-
observer variability (kappa) between the median score versus the individual radiologists and

Quantra operating at the 10 % threshold was comparable.

This study shows that current BI-RADS density assessment has considerable inter-
observer variability, and about 40 % of women are at risk of being classified as either fatty or
dense depending on the radiologist. If this type of assessment is replaced by automatic
objective software, breasts would be classified with high accuracy compared to BI-RADS

density assessment.
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5.2 Paper II: BI-RADS Density Classification From Areometric and Volumetric

Automatic Breast Density Measurements

Quantra™ calculates volumetric breast density by computing the fractional amount of fatty
and glandular tissue in a column above each pixel and the compression paddle. Volumetric
density is computed by aggregating density across all pixels. Furthermore, Quantra™
computes area-based (areometric) density by applying a threshold in fibroglandular fraction to
each pixel, classifying the pixel as fatty of dense. Areometric density is computed by
calculating the fraction of dense pixels. It is still under discussion whether areometric or
volumetric density classification best fit the radiologists’ BI-RADS density assessment. By
applying thresholds in areometric and volumetric densities one can approximate BI-RADS
density distribution from either measure. The default categorization in Quantra™ is called
Quantized density and is based on volumetric density. This study was based on the same

reader-study data as paper 1.

There was a substantial overlap in both volumetric- and areometric density for different BI-
RADS density categories. Areometric- and volumetric density was compared to the mean
radiologist BI-RADS density using the AUC of the ROC curve. Areometric density was
significantly better for the BI-RADS density I to II threshold. Areometric and volumetric was
comparable for the II and III threshold and volumetric was significantly better for the III to IV

threshold. The thresholds and the corresponding density distributions are shown in Table 10.

Table 10: The density thresholds and the corresponding density distributions.

Density thresholds Density distribution
Density measure
land2 2and3 3and4 1 2 3 4
Areometric 6 14 30 266% 222% 31.7% 19.6 %
Volumetric 7 10 16 374 % 214% 227 % 184 %
Quantized density 5 13 26 121% 542% 268% 69 %
BI-RADS density - - - 136% 410% 350% 104 %

The distributions show high numbers of women in the almost entirely fatty- and extremely
dense breasts. The Quantized density distribution showed similar proportions in the extreme
density categories, but the proportion of dense breasts is lower than the radiologist’

classification by about 12 %. Another method to define thresholds is to select density values
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which results in similar four-category density distribution generated by the median

radiologists score.

In paper 11 sensitivity is defined as the proportion of women categorized above a
certain BI-RADS density threshold receiving corresponding categorization by the automatic
assessment. Similarly, specificity is defined as the proportion of women categorized below a
certain BI-RADS density threshold receiving a corresponding categorization by the automatic
assessment. Table 11 shows the proportion of women classified into the respective BI-RADS

density categories also receiving corresponding classification using automatic assessment.

Table 11: The proportion of women with automatic assessment in congruence within the
respective radiologists median BI-RADS density. AUC represents the thresholds found using
the ROC method (Youden's index). Distribution represents the thresholds selected to most

closely generate the radiologist’s density distribution.

Proportion of women in the respective BI-RADS density

. category receiving corresponding automatic assessment
Density measure

BI-RADS density BI-RADS density BI-RADS density

I I and IV v
Areometric (AUC) 87.7 % 89.3 % 87.5 %
Areometric (Distribution) 61.6 % 84.0 % 60.7 %
Volumetric (AUC) 89.0 % 80.7 % 91.1 %
Volumetric (Distribution) 54.8 % 86.5 % 67.9 %
Quantized density 46.6 % 67.6 % 55.4 %

When selecting thresholds to match the radiologist distribution, the agreement in the extreme
density categories is limited. Quantized density, which has a distribution with more non-dense

breasts has lower agreement with the radiologists.

This study showed that volumetric and areometric density was equally suited to classify
breasts as dense and non-dense compare to BI-RADS density. Areometric density was
performing better for non-dense breasts and volumetric density was performing better for
dense breasts, which is the density of most clinical relevance. This study also shows that the

agreement with radiologists is limited in the extreme density categories.
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5.3 Paper III: Average glandular dose in paired digital mammography and digital breast
tomosynthesis acquisitions in a population based screening program: effects of

measuring breast density, air kerma and beam quality

Radiation doses in mammography screening is associated with relatively low risk as the
radiation dose is low and the population is older. In a screening, many asymptomatic women
are exposed to radiation. Therefore, it is important to quantify the radiation dose given to
these women. Breast density and measurements of radiation output and beam quality are
factors that affect dose estimates. In this study we quantified the radiation dose for DM and
DBT for women with dense and non-dense breasts and quantified the effect of incorporating

breast density and measurements of radiation output and beam quality.

Radiation dose was calculated for 3819 women using the model published by Dance et
al. (161-164). The radiation output and half value layer were measured using an ion chamber
(10x6-6M, RadCal Corporation) and aluminum sheets for all beam qualities on the three units
used in this study. Imaging parameters were acquired from the DICOM metadata and breast

density was measured using Quantra™.,

The mean AGD was 1.74 and 2.10 for DM and DBT with an average increase of 24 %
in DBT. For non-dense breasts the corresponding AGD were 1.74 and 2.27 with an increase
of 33 %, while for dense breasts; 1.73 and 1.79 with an increase of 8 %. This difference
reflects the system design of the automatic exposure control in DM and DBT for the Hologic
mammography units used in OTST. For DM the AEC is sensitive to breast density and will
increase exposure in dense breasts. For DBT the AEC is mainly controlled by the breast
thickness and is therefore not sensitive to breast density. Consequently, the increase in dose

when using DBT is lower in dense compared to non-dense breasts.

Accounting for breast density, AGD estimates increased 16 %. Including measured
radiation output and bream quality for dose estimates, resulted in a mean change in AGD
estimates of 3.8 %, but for one unit 7.9 %. Accounting for all measurements shows the AGD

reported in the DICOM header is underestimated by an average of about 11 %.

This study showed that DBT increased dose by about 24 % in mammography
screening using Hologic equipment. This increase was 33 % for non-dense and 8 % dense
breasts. When the corrected for breast density, dose estimates increased about 16 %. AGD
reported by the system underestimated dose by about 11 % compared to estimates based on

measurements.
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5.4 Paper IV: Digital Mammography versus Breast Tomosynthesis: Impact of Breast

Density on Diagnostic Performance in Population-based Screening

DBT is being used more and more in mammography screening. As DBT acquires pseudo 3-
dimensional images, it has potential to resolve some of the issue as out of plane dense breast
tissue will be blurred. This has the possibility to enable the radiologist to detect lesions
otherwise masked by dense breast tissue. In this study we compared the true-positive and
false-positive interpretations in paired DM and DBT acquisitions in the OTST cohort,

stratified by automatically calculated breast density and age.

DBT improved the true-positive rate for all density groups by 12 - 24 % and in all age
groups by 15 — 35 %. The improvement was of similar magnitude across all density groups
and increased with age. The improvement was significant for all age groups, scattered
fibroglandular- and heterogeneously dense breasts. Women with almost entirely fatty- and
extremely dense breasts contained about 10 % of the women each, thus the analysis lacked
statistical power. DBT improved false-positive rate significantly for all age and breast density

categories, except for extremely dense breasts, where it was comparable.

The main contribution to improved true-positive rate for DBT was more findings
classified as spiculated masses. As the improvement is about even across all densities, the
results suggest that DBT does not resolve the issue with dense breasts by allowing the readers
to “see through” dense tissue. However, our results suggest DBT blurs out of plane textures
from structures like vessels and fibers, which is present in all types of breasts. This leads to

improved performance in all breast densities, not just dense.

False-positive rate were reduced mostly due to less findings classified as asymmetric
densities. These findings are usually the result of superposition of normal tissue structures,
mimicking the appearance of a lesion on a mammogram. In DBT, the radiologists might have
an improved visualization of the 3-dimensional structure of the tissue as out of plane
structures are blurred. This allows the radiologists to downgrade the finding to a “pseudo
lesion”. Our results indicate that for extremely dense breasts, the density might be too high for

the radiologist to resolve the 3-dimensional structure of the superimposed breast tissue.

This study showed that DBT improved the diagnostic performance in all breast
densities and all age groups. However, as the improvement was similar in all breast density
categories the results indicated that masking in dense breasts is still present in mammography

screening using DBT.
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6 Ethical considerations

All data acquisition and analysis required for the papers included in this thesis is covered by
the ethical approval of OTST (Regional Ethics Committee Ref: 2010/144). All women gave
written consent before being enrolled in the study. OTST was registered on clinicaltrials.gov:

NCTO01248546.

An ethical issue with OTST is that healthy women are exposed to double the radiation
dose compared to a conventional screening mammography examination. This additional
radiation dose is a one-time event which occurs in women 50 — 70 years old. Therefore, the
added risk due to additional radiation was considered extremely small compared to the

expected mortality reduction due to DBT screening in the OTST (112,176).
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7 Discussion

7.1 Context and summary of main findings

Currently, major changes are being considered with regards to personalized mammography
screening based on breast density. Breast density legislation was implemented in the U.S.,
where women are being informed of their breast density and the associated limited sensitivity
of mammography screening (5). Personalized screening is debated, and several studies have
been initiated investigating the potential supplemental screening using adjunct modalities
(82,177). In Austria women with dense breasts are offered supplemental ultrasound (178).
Two recently introduced technologies, automatic breast density assessment and digital breast

tomosynthesis, may have major impact on breast density stratified mammography screening.

The goal of this PhD thesis was twofold. First, to compare the current standard of
breast density assessment, BI-RADS density, to a new commercial objective automatic
software-based calculation called Quantra™. Secondly, to investigate how implementation of
DBT in mammography screening impacts radiation dose and diagnostic accuracy for women

of different breast densities.
The main findings of the studies relevant for the specific aims of the PhD thesis were:

» For about 40 % of the women included in this study, there was a risk of breast density
classification as both dense and non-dense using the current subjective BI-RADS
density assessment. New objective software-based automatic assessment can classify

breasts with high accuracy compared to a median radiologist score.

» Automatic density classification is best performed using volumetric rather than area-
based assessment, due to better agreement with radiologists for the most dense breasts.
Still, classification into the extreme density categories had limited agreement with

radiologist.

» Average glandular dose increases about 33 % for non-dense- and 8 % in dense breasts
using DBT compared to DM for the mammography units used in the Oslo
Tomosynthesis Screening Trial. Incorporating breast density into the dose calculations

increases the dose estimates by 16 % on average.
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» True-positive rate improved significantly when using DBT compared to DM for all
age groups and women with scattered fibroglandular- and heterogeneously dense
breasts, due to more findings classified as architectural distortions or spiculated
masses. The improvement was not significant for women with almost entirely fatty-
and extremely dense breasts. False-positive rate improved significantly for all age and
breast density groups, except for extremely dense breasts, where false positive rate
was comparable. The improvement was mainly due to less false positives classified as

asymmetric density.

7.2 Moving from subjective to objective breast density assessment

A key element in personalized screening and breast density legislation is the breast density
assessment. In this chapter the consequences of variability of subjective assessment, choice of
density assessment method and the changes introduced by a potential transition to automatic

assessment will be discussed.

Ng and Lau published criteria (or “sanity checks”) based on physics and common
sense which can be useful for evaluating breast density assessment methods (Table 12) Feil!
Fant ikke referansekilden.(61). With the introduction of personalized screening, where
breast density has an effect on the screening process for individual women, there is a need for
these criteria not only to be valid for a population level, but also on an individual level

(61,179).

Table 12: Criteria for evaluation of breast density assessment (61).

1 “Density should be the same for the identical image of the breast”

2 “Density should be similar for a breast no matter what the view, in particular CC and
MLO views”

3 “Density should be similar for the same breast no matter the imaging equipment, in
particular it should not matter if the equipment is GE, Siemens, Hologic, or if the
imaging is done on mammography, tomosynthesis, MRI or CT”

4  “Density should be invariant to breast compression”

5 “Left and right breast densities should be highly correlated but not identical”

6 “Density should, over a population, generally reduce with age”
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7.2.1 Inter-observer variability in BI-RADS density categorization

inter-observer agreement

Since disagreement among readers could lead to the same breast receiving different density
scores, inter-observer variability will impact criterion 1 in Table 12. In a personalized
screening setting inter-observer variability could have major consequences, due to resulting in
different paths in the screening program. Inter-observer variability of BI-RADS density
assessment has been investigated in many studies. Among them the first paper included in this
thesis, showing a weighted kappa between radiologists to the median radiologist classification
of 0.86 (range of individual scores, 0.76 — 0.93) (156). Other authors have reported mean
study kappa ranging from 0.43 to 0.90. For individual radiologists compared to a reference
standard, it has been shown weighted kappa ranges from 0.02 to 0.93 (180,181,190-195,182—
189). Estimates of inter-observer variability varies considerably among studies, and the

estimates from paper I are among the studies with the highest agreement.

Most of the studies focusing on inter-observer variability were reader studies, rather
than studies in a screening setting. The lowest agreement reported in reader studies are from
early studies including radiologists with little or no previous experience using BI-RADS

density. They report a mean study weighted kappa of 0.43 and 0.59 (183,186).

In other reader studies, radiologists had previous experience using BI-RADS density
or were given prior oral instructions. These studies result in better agreement, with a mean
study weighted kappa between 0.68 and 0.79 (180-182,184,190). This is consistent with an
investigation by Gard et al., which reported better agreement among radiologists with more
than 10 years’ experience compared to those with less experience. The mean weighted kappa

difference was 0.10 (95 % CI: 0.01 —0.24) (190).

Similar to paper I in this thesis, many studies trained the radiologists prior to the study.
These studies generally report the highest kappa values, with mean study kappa of 0.73 — 0.88
(156,185,189,191,193). It has been reported that training in BI-RADS feature analysis and
assessment improved consistency (196) and it is likely this also extends to breast density
assessment (182). Therefore, if subjective assessment is to be used in a personalized screening
setting, retraining of radiologists is likely important in order to increase consistency of density

assessment (191).
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Two studies have assessed inter-observer agreement in a screening setting, comparing
density assessments from two separate screening sessions separated by more than a year,
reporting mean study kappa of 0.54 — 0.70 (192,194). These results indicate that density
assessment in a screening setting will have lower inter observer agreement than in a reader
study. Therefore, the impact of inter-observer variability in breast density assessment is likely

larger in a screening setting than estimates reported from reader studies.

It has been suggested that radiographers could do breast density assessment, but this
has been shown to result in even less agreement (kappa 0.69 versus 0.62) (184). Studies
comparing breast BI-RADS density assessment un U.S. and United Kingdom (U.K.), has
reported higher observer agreement in U.S. compared to U.K. since the U.K. radiologists use
a different scale in daily practice (197). Still, even when using their native scales, readers
from U.K. had worse agreement compared to readers from U.S., with even lower agreement
among Australian radiologists (198). This indicates that BI-RADS density has relatively

higher agreement compared to alternative subjective scales.
Intra-observer agreement

Even the same radiologist might not score the same breast consistently. Studies have found
intra-observer variability using BI-RADS density ranging from 0.69 — 0.90 (183—
185,187,188,190,193,199). Reported intra-observer variability show an increase in kappa by
0.08 - 0.20 compared to the corresponding inter-observer variability. This relatively consistent
increase indicates that intra-observer variability is influenced by similar factors as experience

and training in the use of the BI-RADS density scale.
Consequence of inter-observer variability in personalized screening

The authors of studies on inter-observer variability using BI-RADS density generally
conclude the inter-observer variation is low, as mean kappa usually falls into the substantial or
almost perfect category as stated by Landis and Koch (168). One interpretation of this, is that
the majority score is a reliable reference standard for visual classification (200) and that BI-
RADS density is a suitable and reproducible measure for application on a population basis.
But for personalized screening and breast density legislation, the assessment must be

reproducible on an individual level (61).

One statistical reason for the high agreement is use of quadratically weighted kappa,

which penalizes a discrepancy of two or more categories more. Most discrepancies are by one
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category (156,181), with BI-RADS density III as the category with the highest discrepancy
between readers (8,181,182,186). Therefore, the highest disagreement is in the interface
between BI-RADS density II and III (180,181,183,201). Approximately 80 % of the women
are included in the density categories II and III (66,202), which is the currently the relevant
threshold for breast density legislation. Therefore, kappa values can be high at the same time

as the variation in number of women considered dense could be substantial.

An effect of the interobserver variability is that there will be a variation in proportion
of women radiologists will consider as having dense breasts. From the reader studies, the
proportion of women considered dense by individual radiologists varies by about 15 — 30 %
from radiologists classifying least to most women with dense breasts (156,180—
183,190,191,193,200). In two of the studies the variation was larger, with one radiologist
classifying about 10 % of the women with dense breasts and another in excess of 60 %
(183,190). A multicenter screening study including 83 radiologists, reported a range of 6.3 to
84.5 % dense women (8). This illustrates the great potential for variation in extreme
radiologists. The interquartile range was 28.9 — 50.9 % (a 22 % difference), which puts a great
number of women at risk of receiving either dense or non-dense classification, even by non-
extreme radiologists (8). The variation in the proportion of women considered dense reflects
the individual radiologist’s threshold in density for categorizing a woman as dense, which we

quantified using volumetric density (156).

Paper I reported that 35.6 % of the women was scored both dense and non-dense by
individual radiologists (156). Furthermore, another study comparing 19 radiologists found
that more than 80 % of the women who had non-dense breasts were considered to have dense
by at least one radiologist. Similarly, almost 50 % of the women having dense breasts were

considered non-dense (190).

An important aspect in density assessment is consistency in density interpretation over
time for the same woman. A large study found that in two subsequent screening rounds read
by different radiologists about 1.2 years apart resulted in a different density assessment 32.6
% of the times, where 17.2 % (more than 1 in 6) had a discordance resulting in a change in
dense, non-dense category (8). A meta-analysis found about 1 in 5 (23 %) of women changed
their BI-RADS density category when the subsequent screening examination was assessed by
the same radiologist. This increased to about 1 in 3 was categorized differently when the

subsequent examination was read by a different reader (201).
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Introduction of 5™ edition of BI-RADS density

The BI-RADS density 5" edition scores are more focused on potential masking of cancers
(67,191,203). A breast with less than 50 % dense tissue, with a very dense area posterior to
the nipple would get a BI-RADS density score C in the 5" edition rather than I in the 4"
(66,67). This makes the 5™ edition more suitable to identify in which breasts cancers could be
missed and might benefit from supplemental imaging, which better facilitates personalized
screening (191,204). However, the removal of the percent density from the 4™ edition could

potentially introduce additional variability in assessment (203).

Lower inter-observer variability using 5" edition compared to 4" edition has been
reported in one reader study (193), while two other report no significant difference (189,195).
Furthermore, two reader and one screening study report a significant shift towards more dense
breasts (193,195,205). However, a large screening study including more than 3 million
examinations interpreted by 722 radiologists, across 144 facilities, before and after the
implantation of the 5™ edition of BI-RADS density, showed no increase in the proportion of
dense breasts (206). This is also consistent with the observed lack of change when introducing

percentage area in the transition from the 3" to the 4" edition BI-RADS density (67,194).

BI-RADS density 4" edition was used in the reader study and OTST (155,156,207).
As the most comprehensive study comparing 4" and 5% edition BI-RADS density concludes
that the density assessment is consistent when transitioning to 5" edition, our results obtained

using the 4™ edition scale should still be relevant after transition to the 5™ edition scale.
Subjective breast density assessment in digital breast tomosynthesis

Potential changes of the BI-RADS density classification using BDT has been investigated in
several studies, with conflicting results. Three large screening studies (including 24.756,
78.810 and 15.571 women) showed that women screened using DBT had a lower likelihood
of being classified with dense breasts compared to those screened with DM alone (208,209),
with even lower likelihood was found for women screened using DBT and synthetic
mammograms, compared to those screened using DBT and DM (208-210). A smaller reader
study comparing DBT and DM density assessment found similar results (211). Indicating,

implementation of DBT screening may affect breast density estimation.
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A large study comparing about 220,000 DBT screening examinations with about
750,000 DM examinations, showed no difference in proportions of women with dense breasts,
indicating consistent BI-RADS density evaluation regardless of whether the evaluation is

performed on DBT or DM acquisitions (206).

Two laboratory studies have shown comparable breast density assessment in synthetic

2D images and conventional DM images (212,213).

Whether or not DBT and/or synthetic 2D images change BI-RADS density
categorization is still not clear, as large well-designed screening studies show conflicting
results. If BI-RADS density assessment is shown to change using DBT, it could affect the
comparability of the BI-RADS density assessment in OTST at consensus versus the reader

study, as the radiologists had access to DBT images in OTST.
Subjective assessment

Studies have indicated that subjective breast density assessment will put a lot of women at
risk of being classified as both dense or non-dense. The subjective nature of BI-RADS density
and the following recommendation for supplemental screening may be more dependent on the
interpreter of the mammogram rather than the amount and distribution of dense tissue in the
breast (203). This has led to the ACR releasing a statement addressing the subjective breast
density assessment (214). Thus, it is clear that an objective alternative for breast density

assessment could be beneficial, reducing the inter-observer variability.

7.2.2 Automatic assessment of breast density

A potential improvement to solve the inter-observer variability using radiologist’s
classification, is to use automatic breast density assessment software. Since radiologists
interpret projection images and not a 3D model of the physical breast, it is not clear whether
volumetric or area-based breast density corresponds best with the radiologist’s assessment. In
this thesis we have investigated cut-off values using both area-based and volumetric measures

as reported by Quantra™.

In paper 11, two different methods for determining cutoff values were investigated
(207). One where sensitivity and specificity compared to BI-RADS density assessment was
maximized (using Youden’s index). And one where the cutoff values were set to reproduce
the radiologist’s density distribution. For both methods of obtaining cutoff values, the

performance was better using volumetric assessment for the threshold between dense and
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extremely dense breasts. The performance was approximately equal performance for the
threshold between dense and non-dense breasts. The performance was improved, using area-
based assessment for the threshold between almost entirely fatty and scattered fibroglandular
breasts. Since it is the denser breasts that are potentially interesting with respect to
personalized screening and breast density legislation, volumetric density was concluded as
preferable (207). The ROC method produced density distributions which were different from
the radiologist’s distribution, due to the excessive numbers of women classified as almost
entirely fatty and extremely dense. These thresholds are therefore not likely to be clinically
relevant. Therefore, the method of setting cutoff values to generate the radiologist’s
distribution is preferable. This method produces a comparable distribution as the default
categorization in Quantra™ (Quantized density), and it is likely the approach used by the
manufacturer. The thresholds used for Quantized density are not identical as the ones obtained
in paper II. This could be due to Quantra™ internally uses decimal precision and potential

bias due to the study limitations in the reader study in this thesis.

Another reason for using volumetric assessment can be found using criteria 2 in Table
12; the density should be the same for CC and MLO views. This is not necessarily true for
area-based assessment. If a hypothetical breast has 100 % dense tissue in both upper

quadrants and 0 % dense tissue in the lower quadrants, the volumetric density would be 50 %.

Figure 9: An illustration of the difference in areometric density assessment in CC and MLO
views of a hypothetical breast with dense fibroglandular tissue in the two upper quadrants.

Source: Elsevier (183) (with permission).
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Using areometric assessment, the CC density could be 100 % as all pixels representing the
breast show fibroglandular tissue, while the MLO view would show 50 % density (Figure 9)
(65,183). BI-RADS density 4™ edition is a measure which represents the volume of

fibroglandular tissue in the breast (65). Therefore, volumetric breast density assessment is
preferable to areometric as it best represents the physical properties of the breast. The
correlation between breast density for CC and MLO views using area-based (Figure 10a) and
volumetric (Figure 10b) breast density in OTST shows higher r? for volumetric breast density.

This confirms that volumetric breast density is a better measure of breast density according to

criteria 2 of Table 12.
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Figure 10: Scatterplot of craniocaudal and mediolateral oblique views of the same breast

using areometric breast density a), and volumetric breast density b).

The results from this thesis showed that volumetric breast density assessment was
preferable to area-based assessment which correlates better with BI-RADS 4 edition
assessment in clinically relevant density ranges. It is also a better measure of breast density,
since measurements of two different projections of the same breast is in better agreement than

area-based assessment.
Potential transition to volumetric breast density assessment

When a new method of breast density classification is introduced, it will likely introduce
some systematic changes in breast density classification. One method of quantifying a

potential change, is to assess the inter-observer variability between the radiologist’s score and
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Quantized density. This measure can be compared to the inter-observer variability between
individual radiologists and the majority score, to assess whether the systematic shift is larger
than the current variability in subjective assessment. Paper I showed that mean kappa between
radiologists and the median score for four category classification was 0.86 with the lowest at
0.76 (156). A similar result for Quantized density was 0.72. For classification of women with
dense and non-dense breasts, mean radiologist kappa was 0.80 with the lowest at 0.62. The
similar categorization for Quantized density was 0.64. These results indicate that the
systematic shift introduced by introducing Quantized density, would be of the same
magnitude as the inter-observer variation among some radiologists. Youk et al. reported
similar results (86), while Singh et al. reported better agreement between Quantized density
and radiologists than among the radiologists themselves in a small sample (215). Brandt et al.
reported lower kappa between Quantized density and radiologists in a retrospective study in a
screening setting (0.46 for four categories and 0.59 for two category classification) (91). Once
the shift to automatic assessment has been performed, the reproducibility in breast density

assessment going forward will be very high (90,215-217).

The systematic shift in density assessment introduced by automatic assessment could
also affect the distribution of breast density categories. Most notably the number of women
with scattered fibroglandular densities was 13.2 % higher using Quantra™ compared to
radiologist assessment. Similarly, the number of women with heterogeneously dense was
reduced by 8.2 % and the number of women with extremely dense breasts were reduced by
3.5 % (a 34 % decrease in number of extremely dense breast compared to BI-RADS density
assessment). Consequently, about a third of the women are considered dense compared to
about half using BI-RADS density assessment (207). Similar changes in density distribution
has been reported by other authors (86,91). If Quantized density was implemented in
personalized screening, fewer women would be subject to receiving breast density notification
or supplemental screening. For the extreme density categories, the agreement with
radiologists was poor. Only 37 — 47 % of women classified as almost entirely fatty were
correspondingly classified using Quantized density (Table 8 and Table 9). For extremely
dense breasts the respective corresponding classification was 55 — 65 % (Table 8 and Table
9). This has been noted by other authors, suggesting Quantra™ ver. 2.0 should only be used
for two category classification; dense and non-dense (218). The conclusion by Ekpo et al. is
logical considering the poor agreement. But as the distributions (Figure 1a) in paper II shows,

most of the discrepant cases are neighboring categories with volumetric density close to the
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cutoff value. When comparing diagnostic performance stratified using both density measure

(paper IV), BI-RADS density assessment and Quantra™ produce similar results (155).

Different manufacturers of breast density assessment software can result in different
density distributions. Most notably the proportion of extremely dense breasts have been
reported substantially higher using Volpara™ compared to BI-RADS density and Quantra™
(86,91,219). This can have a substantial effect on personalized screening, especially if only
women with extremely dense breasts are targeted for supplemental modalities. Therefore, a
standardization of automatic breast density algorithms prior to implementation in personalized
breast cancer screening would be beneficial. Researchers evaluating such screening programs

in the future will have to account for the method of automatic breast density assessment used.
Variation in automatic assessment

Even if breast density is evaluated using a computer algorithm, variation in assessment can
occur due to several reasons. Some examples are; paddle tilt (204,220) and positioning
(204,221), which cause variation in breast thickness and tissue being evaluated. If women
with implants are not correctly tagged using DICOM, the algorithm might not calculate
density correctly (92). The radiation dose used to acquire the image has also been shown to
potentially affect automatic breast density estimates (222). However, a clinical study showed
that breast density assessment was reproducible using low dose mammograms (223). It is also
important to ensure the mammography unit performs consistently as irregularities in the dose
control and breast thickness calibration could cause errors (224). Therefore, regular
monitoring of the mammography units through quality assurance is important. Changes to the
breast density assessment algorithm could also potentially affect density values, such as when

Hologic implemented a skin tissue correction in Quantra™ ver. 2.0 (156).
Automated breast density assessment in DBT

After OTST was finished Quantra™ was updated to facilitate breast density assessment for
DBT acquisitions (225). Quantra™ calculates the breast density in a very similar manner in
DBT as in DM. In DBT assessment, only the central (0°) projection is used. The input data of
the DBT algorithm is therefore a low dose image produced using a W/Al anode/filter
combination with slightly higher kVp than the corresponding DM image. The images are also
obtained without using a grid, which increases the amount of scattered radiation to the
detector, complicating the analysis (61). Preliminary tests on phantoms found that the breast

density was about 10 % higher using the DBT algorithm compared to the DM algorithm
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(225,226). Quantra™ version 2.1.1, capable of breast density assessment in DBT uses a
similar algorithm as Quantra™ version 2.0 used in this thesis (227). The cut-off values for BI-
RADS like density categories are slightly different as it was calibrated to the 5 edition of BI-
RADS. Compared to radiologists majority score, Quantra™ used on DBT showed comparable
inter-observer variability (227). Other algorithms than Quantra™ has been shown to perform
comparable breast density estimation in DBT and DM (228,229) and between DM and
synthetic DM (230).

Automatic assessment and BI-RADS density 5™ edition

In BI-RADS 5" edition the breast density categories are not entirely dependent on volumetric
breast density. Dense patches of breast tissue can mask lesions, and thereby fulfilling the
criteria for a dense breast, even without high volumetric density. This change is important as
localized densities have been shown to be associated with interval- and large cancers (231).
Consequently, Hologic has updated Quantra™ (version 2.2), and replaced volumetric density
as the input to BI-RADS like classification with machine learning algorithms using pattern
and texture analysis as input (82). In this version of Quantra™ only a BI-RADS 5" edition
category is shown, not volumetric breast density. Quantra™ version 2.2 is still likely capable
of calculating and exporting volumetric breast density for research and other purposes. Still,
in order to receive FDA approval, they were obliged to hide the volumetric density to avoid

confusing the clinical users (Personal communication, Ashwini Kirshagari, Hologic Inc.).
Automatic volumetric assessment

Automatic volumetric breast density has proved to be feasible in both DM and DBT
mammographic screening, producing density scores similar to 4™ and 5" edition of BI-RADS
density (86,91,207). Still, a transition to implementing automatic assessment would introduce
a shift in breast density assessment comparable to the inter-observer variation currently
present in subjective interpretation for some radiologists. This transition would also
potentially change the proportion of dense and extremely dense breasts in the screening
population. This change must be taken into account when planning a potential personalized
mammography screening. In case of Quantra™ version 2.0 the proportion of dense and

extremely dense breasts would be reduced compared to the current subjective assessment.
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7.3 Radiation dose and the potential transition from DM to DBT

Radiation exposure can lead to radiation induced cancer (232). Therefore, all use of medical
radiation should be justified and as low as reasonably achievable (233). In medical screening
the women attending are not known to have a disease justifying the exposure. Therefore, the
tolerance exposing women to radiation is lower in screening- compared to clinical
mammography. However, the risk of radiation induced cancer is reduced with age (111), and
as mammography screening targets older women, the risk of radiation induced cancer in this
cohort is low (112). One potential drawback of using DBT is increased radiation dose due to
the acquisition of multiple projections. If this dose difference is large, it would require a

greater difference in diagnostic accuracy to justify the additional radiation exposure.
Radiation dose estimates and volumetric breast density

Volumetric breast density assessment provides not only a mean for stratifying women as
having dense and non-dense breasts. It also provides information on the breast content, which
can be used to increase the precision of breast density assessment. Breast dosimetry is usually
performed assuming 50 % glandularity (162). As seen by the density distribution in paper I
and II most women fall between 4 — 12 % volumetric breast density, resulting in a mean
glandularity of 15.9 % (165). Since fat is more radiolucent than fibroglandular tissue, there
will be less attenuation compared to less glandular breasts, resulting in higher AGD for the
same exposure. In OTST, there would have been an underestimation of mean glandular dose
by about 16 % using the Dance method (165). VolparaDose™ (Volpara) incudes volumetric
breast density into dose calculations in a similar manner as the method presented in paper III.
A comparison of the mammography unit’s AGD estimate to that of VolparaDose™ showed
similar results as our study, underestimating AGD when not accounting for breast density

(234).

Report no. 457 of the IAEA provides estimates on appropriate uncertainties in
radiation dose estimates in diagnostic radiology. If doses are used for estimates of risk due to
radiation exposure an accuracy of 20 % at a 95 % confidence interval is suggested. If dose
estimates are to be used to compare procedures the corresponding accuracy is 7 % (159). With
the mean effect of breast density being 16 %, it is necessary to incorporate volumetric density
into the radiation dose estimates in order to reach the accuracy recommended by IAEA. This

means that even if vendors transition to machine learning-based categorization of breast
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density, volumetric breast density estimation should be included as a part of the radiation

dosimetry estimation provided by the mammography system.

Another obstacle for reaching the desired accuracy is that the simple models by Dance
et al. is based on assumption of homogeneous glandular tissue. This model has been shown to
overestimate radiation dose compared to simulations using realistic breast models. The
average overestimation was about 30 % (235,236), with individual errors as large as 120 %
(235). This systematic difference indicates that new conversion factors representing more
realistic breast compositions in addition to accounting for volumetric breast density are
needed. Alternatively, the imaged breast could be modelled using tissue classification from
DBT series, followed by radiation dose simulation immediately after imaging (237). To avoid
delays in the imaging workflow, the process of providing this information in the DICOM
metadata should be fast. It is therefore unclear whether this level of dosimetry will become

feasible to implement.
Radiation dose estimates for DM and DBT

Paper III showed that when using DBT, the AGD was about 24 % higher compared to DM,
increasing from 1.74 to 2.10 mGy per view on average (165). Both the AGD from DM and
DBT were within the limits set in the European Guidelines (238). It was also shown that the
AGD from DBT was 33 % higher for women with non-dense breasts and 8 % higher for
women with dense breasts (165). Therefore, the increase in AGD for DBT is lower for women
with dense breasts. The reason for this difference is that the AEC is controlled primarily by
breast thickness in DBT mode, while it compensates more for breast density in DM mode
(239). For other vendors such as GE, DBT and DM provides a more equal dose level (240), as
the radiation dose requirement for DBT and DM is calculated using the same method, and the
dose is divided evenly among the DBT projections. Thus, it is important to be aware that the
difference in dose between DM and DBT will vary between vendors due to the specific

vendors choices of system design.

Other authors have compared DM and DBT doses using Hologic equipment (241—
246). Their estimates agree well with our estimates from paper I1II, and differences can be
attributed to differences in methodology, upgrades of the Hologic dose tables and differences

in the study cohort (165).

The increase in mortality due to the increased AGD due to using DBT (based on data

from paper III) was estimated by Brown and Covington to be extremely small (247). Their
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estimates of risk for DM examinations are consistent with previous estimates from Yaffe and

Mainprize for conventional screening mammography (112).

7.4  True- and false positives and the potential transition from DM to DBT

Cancer detection

Paper IV reported higher true positive rate for DBT compared to DM for all breast densities.
The true positive rate increased by 12 — 24 %, with the results being significant for
dichotomized breast density (dense and non-dense), scattered fibroglandular- and
heterogeneously dense breasts (155). Results were not significant for almost entirely fatty
breasts and extremely dense breasts, which could be due to OTST being underpowered for
stratified analysis in these small subgroups. Consistent results have been reported in

prospective and retrospective studies (40,43,44,97,175,248-251).

These results indicate that DBT reveals more cancers than DM for women of all breast
densities, although large studies are still needed for conclusive results in the smaller almost
entirely fatty and extremely dense categories. A meta-analysis found greater improvement in
CDR in European studies than in U.S. studies, which might be due to lower CDR in U.S.
because of annual screening (46). Most of the additional cancers detected by DBT was
classified as spiculated mass or distortions, which has also been seen by other authors
(40,252). These types of tumors are typically slow growing (248). The characteristics of these
tumors in OTST were typically small invasive cancers with excellent prognosis (41). A meta-
analysis concluded similarly that DBT has superior sensitivity for soft tissue masses, but
results regarding improved detection of lesions containing calcifications are inconsistent (45).
This could be due differences in image acquisition or reconstruction, as clusters of
microcalcifications might be easier to visualize in thicker slabs (45). In the OTST, more true
positives classified as calcifications were found using C-view, which highlights calcs,
compared to DBT plus DM (41). The results from OTST indicates that DBT reduces masking
compared to DM, primarily for tumors manifesting as spiculated masses or architectural
distortions and that this reduction of masking is valid for breasts of all densities. Although
cancer detection is improved using DBT, especially for early invasive cancers (252), results
from paper IV and other studies does not show a consistent trend in improvement in cancer

detection with breast density.
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The reduction in masking using DBT for small spiculated masses for breasts of all
densities can be understood by considering the images produced by the DBT system. The first
important property of a DBT image is that it is not truly 3-dimensional like a computed
tomography (CT) image. Every image in a DBT image stack contains image information from
the entire breast. The DBT images differ in the location of the plane of focus. The remaining
anatomy of the breast is blurred increasingly with distance from the focus plane. The contrast
of an object relative to a background is therefore lost according to the artifact spread function
(38). For a system like Selenia Dimensions with a relatively narrow tomo angle of +7.5°, the
out of focus signal will be blurred less compared to a system with a larger angle. The out of
focus blurring results small structures such as fibers and vessels are being suppressed when
out of focus. Our results indicate that this suppression removes distracting image texture
which masks spiculations in DM. An example of this is shown in Figure 3 in paper IV (155).
Although the tumor (Figure 3 in paper 1V) is visible in DM, it is not presented sufficiently
suspicious to the radiologists at DM as the overlying fibers mask spiculations. Therefore, the
cancer was missed in a busy screening setting. Larger structures such as patches of glandular
tissue will only have their edges blurred when out of focus. The signal centrally in the patch
will remain similar as blurring simply will mix the signal from areas of similar density. This
has been seen in a comparison of anatomical noise of structures of size greater than 2 mm in
DM, DBT and dedicated breast CT. DM and DBT were shown to have similar anatomical
noise, while CT images showed a reduction due to true 3D reconstruction (253). As DBT
fundamentally relies on the same image contrast as DM, DBT must have peritumoral fat in
order to visualize the tumor (254,255). Therefore, DBT improved cancer detection compared
to DM similarly for all breast densities, including non-dense breasts, by finding smaller

spiculated tumors or distortions.
False positives

Paper IV shows a significant reduction in false positives, primarily due to reduction in
asymmetric densities, except for women with extremely dense breasts. A reduction in false
positive rate results in a reduction in recall rate, which is the performance measure usually

reported in studies.

Numerous retrospective studies from the U.S. has shown reduction in recall rate for
women with dense and non-dense breasts (97,249-251,256-260). For almost entirely fatty
breasts none of the U.S studies showed significant reduction in recall rate (249,257,258),
while two studies showed a significant decrease in recall rate for extremely dense breasts
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(249,257). The European studies were performed in screening programs with much lower
recall rate (104). Three European studies reported increased recall rate (43,44,261). However,
for the Screening with Tomosynthesis OR standard Mammography (STORM) trail, this was
due to the study design, and implementation of DBT would have reduced the number of false
positives (262). A recent published Norwegian trial found significant reduction in recall rate,

but only in non-dense breasts (240).

These results show that DBT improves the false positive rate compared to DM.
However, the magnitude of this improvement depends on the screening setting. In the U.S.,
where recall rates are higher, implementation of DBT reduces recall rate more compared to in
Europe. Still, a meta-analysis concluded that implementation of DBT provides a benefit with
respect to reducing recall rate in Europe (46). Differences in results in European and U.S.
studies in almost entirely fatty- and extremely dense breast, indicate that women with very
dense breasts benefit from recall reduction in the U.S., but not in Europe (155,240,249,257).
Conversely, women with very low breast density seem to benefit more from a reduction in

recall rate in Europe compared to the U.S (155,240,249,257).

The main contribution to the reduction of false positives using DBT, was less
asymmetric densities. This can be explained by the 3D information provided by the DBT
image stack. In conventional DM, glandular tissue can be superimposed creating a pseudo-
lesion (manifesting as asymmetric densities). By blurring out of focus tissue, this
superposition is minimized, allowing DBT to resolve many of the pseudo-lesions otherwise
seen in DM. An example of this can been seen in Figure E3 in paper IV (155). A possible
reason for the lack of reduction in recall rate in extremely dense breasts in our study, is that in
these breasts, there might often be too much glandular tissue in the vicinity of the lesion for
out of focus blurring to resolve the lesion. False positives were also reduced for spiculated
masses and distortions, which might be due to DBT’s improved ability to characterize small
spiculated masses. However, in contrast to OTST, the Malmo trial found an increase in false
positives, mostly due to stellate distortions (261). For findings classified as calcifications,
there was an increase in false positives, due to more false positives classified as calcifications
from Arm D in OTST, which used DBT plus synthetic DM (C-view) (41). As C-view
highlights calcifications, they may become more conspicuous and more difficult to

characterize (155).
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7.5 Consequence of density assessment method

In the previous part, the change in density distribution due to the shift from subjective to
objective breast density assessment has been discussed. A major benefit of objective
assessment is the reproducibility. A potential drawback is a possible change in density
distribution when compared to BI-RADS density, and the low agreement in almost entirely
fatty and extremely dense breasts. In paper IV, the relative performance of DM and DBT
using either density stratification was similar (155). This indicates that both BI-RADS and
Quantra™ categorizes breasts with similar properties with respect to true and false positive
rate in the same breast density categories, even though the density distribution was changed,
and some categories had limited agreement (155). This is supported by another European
study reporting sensitivity and specificity for DM stratified using Volpara™, which shows
results consistent with changes observed using BI-RADS stratification (141). A U.S. study
even showed that volumetric breast density using Volpara™, captures the potential for
masking better than BI-RADS density (263). This strengthens the argument for using
objective density assessment in mammography screening. Furthermore, indicating that
volumetric breast density has the potential of replacing BI-RADS density to assess the

potential for masking.

7.6 DBT in population-based and personalized screening

Recent evaluations of DBT as a screening modality concluded that the evidence was
insufficient for recommending implementation of DBT (45,46). Such evaluation was beyond
the scope of this thesis. Still, the results in this thesis and other studies contribute to the
scientific evidence, which will continue to grow with large trials such as the Tomosynthesis
Mammographic Imaging Screening Trial (TMIST) trial (264). The result from OTST and
many other studies shows improved cancer detection and a reduction in false positive findings
using DBT when compared to DM, indicating a benefit for women of all breast densities. This

improvement comes at a cost of a minimal increase in radiation dose.

Does this mean the need for breast density legislation and personalized screening is
minimized? Even though DBT revealed more cancers, the interval cancer rate in OTST was
not reduced. Furthermore, the cancers detected using DBT only, had different characteristics
compared to the interval cancers (108). Similar results have been found by other researchers
(265). This indicates that the cancers appearing as interval cancers, still might be masked in

DBT. If this is shown to be true, the need for breast density legislation and personalized
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screening would be unchanged after a potential implementation of DBT as a primary
mammography screening modality. As results indicate that DBT increases cancer detection
without associated reduction in interval cancer rates, the DBT only detected cancers could
potentially represent overdiagnosis (108). Thus, there is a need for further research on DBT to
assess whether DBT detected cancers represent potential overdiagnosis or earlier detection of

clinically relevant cancer compared to DM.
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8 Conclusion and future aspects

8.1 Conclusion

BI-RADS breast density assessment results in considerable inter-observer variability, which
leads to uncertainty concerning breast density notification and personalized screening.
Automatically calculated breast density assessment potentially resolves this issue. This thesis
showed that volumetric assessment would be preferable to area-based, due to better agreement
with radiologists’ assessment in dense breasts, which is the most clinically relevant. In

addition, volumetric density was more reproducible for different mammographic views.

A transition from BI-RADS density to volumetric assessment using Quantra™ would
introduce a shift in breast density assessment comparable to the inter-observer variability of
some radiologists already performing breast density assessment today. In case of Quantra™
the number of women considered dense would also be reduced from about half the women in
subjective assessment to a third. Additionally, the agreement between Quantra™ and BI-
RADS density is limited in the extreme density categories. However, the relative diagnostic
performance between DM and DBT is similar using either density measure. This indicates
that transitioning from subjective to volumetric assessment would capture women with similar

diagnostic performance in the corresponding categories.

Incorporation of volumetric breast density into breast dosimetry increases the mean
estimate of AGD. A potential transition from DM to DBT would increase the radiation dose
using Hologic equipment. This increase is lower for women with women with dense
compared to non-dense breasts, due to the design of the AEC system. This increase in dose is
estimated to have a minimal impact on risk of mortality due to radiation compared to the

expected benefit if DBT in mammography screening.

The introduction of DBT in mammography screening improved the true- and false
positive rate compared to DM, improving diagnostic performance for women of all breast
densities. These results indicate that DBT could lead to earlier diagnosis of typically slow
growing cancers with excellent prognosis, which manifests as spiculated masses or
distortions. The reduction in false positives would reduce the number of women recalled for
further assessment due to superposition of breast tissue, except for women with extremely

dense breasts.
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8.2  Future aspects

Implementation of automatic breast density assessment in population-based screening and
personalized screening is in its infancy. Additionally, new deep learning algorithms such as
Transpara™ have been introduced. This software is not based on breast density evaluation but
quantifies the risk of a cancer being present based on the information in the image. Such
software could also play a major role in the screening workflow and personalization of
screening in the future (266). To fully assess the potential of software augmented screening,
further research is needed, especially with respect to new machine learning-based methods

(82).

DBT is gradually being implemented in mammography screening. Still, there is a need
for larger screening trials to assess performance in certain subgroups. There is also a need for
long follow-up studies on women screened with DBT, to assess whether the small cancers
detected represent an earlier detection of what would be DM detected cancers at a later stage,

or if they could represent overdiagnosis.

And finally, if personalized mammography screening is implemented for women with
dense breasts there is a major need for future studies on adjunct modalities such as
Ultrasound, MRI and contrast enhanced DM. These have considerable disadvantages
compared to conventional mammography related to workload, cost and false positives. The
benefit and risks associated with adjunct screening needs further evaluation in order to decide
which women should be selected for such modalities. Fortunately, several studies are in
progress, performing such evaluations (82,177). In the future, further technical developments
in x-ray mammography, such as energy discriminating detectors, might facilitate spectral
mammography or tomosynthesis, allowing for further improvements in detection,
characterization of lesions and breast density assessment using mammographic equipment
(267). Maybe the opportunities provided by new image analysis, and advances in medical
imaging technology, will save and improve lives by detecting breast cancers early, allowing
treatment with minimal morbidity. This benefit will only materialize following well designed

studies and evidence-based recommendations.
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Background: Previous studies comparing digital breast tomosynthesis (DBT) to digital mammography (DM) have shown conflict-
ing results regarding breast density and diagnostic performance.

Purpose: To compare true-positive and false-positive interpretations in DM versus DBT according to volumetric density, age, and
mammographic findings.

Materials and Methods: From November 2010 to December 2012, 24301 women aged 50-69 years (mean age, 59.1 years * 5.7)
were prospectively included in the Oslo Tomosynthesis Screening Trial. Participants received same-compression DM and DBT with
independent double reading for both DM and DM plus DBT reading modes. Eight experienced radiologists rated the images by
using a five-point scale for probability of malignancy. Participants were followed up for 2 years to assess for interval cancers. Breast
density was assessed by using automatic volumetric software (scale, 1-4). Differences in true-positive rates, false-positive rates, and
mammographic findings were assessed by using confidence intervals (Newcombe paired method) and P values (McNemar and x*
tests).

Results: 'The true-positive rate of DBT was higher than that of DM for density groups (range, 12%-24%; P < .001 for density
scores of 2 and 3, and P > .05 for density scores of 1 and 4) and age groups (range, 15%-35%; P < .05 for all age groups), mainly
due to the higher number of spiculated masses and architectural distortions found at DBT (2 < .001 for density scores of 2 and 3;
P < .05 for women aged 55-69 years). The false-positive rate was lower for DBT than for DM in all age groups (range, —0.6% to
—1.2%; P < .01) and density groups (range, —0.7 to —1.0%; P < .005) owing to fewer asymmetric densities (” = .001), except
for extremely dense breasts (0.1%, P = .82).

Conclusion: Digital breast tomosynthesis enabled the detection of more cancers in all density and age groups compared with digital
mammography, especially cancers classified as spiculated masses and architectural distortions. The improvement in cancer detection
rate showed a positive correlation with age. With use of digital breast tomosynthesis, false-positive findings were lower due to fewer
asymmetric densities, except in extremely dense breasts.

©RSNA, 2019

Online supple [ material is available for this article.

The sensitivity of digital mammography (DM) is lower
in women with dense breasts than in those with lower
breast density (1). Breast density is also associated with
higher false-positive rates and recall rates (2) due to super-
position of normal glandular tissue that can mimic can-
cer. The woman’s age has an impact on mammography
screening as breast density decreases (3) and cancer inci-
dence increases. The distribution of cancers shifts toward
less-aggressive slower-growing cancers with increasing age
(4). It has been shown that mammography screening has
a lower sensitivity (1) and higher false-positive rate (2)
among younger women.

Digital breast tomosynthesis (DBT) generates pseudo
three-dimensional (3D) images where a single section
of anatomy is in focus. The rest is blurred, with greater

magnitude proportional to the distance from the focus
plane. The screening performance of DBT for specific den-
sity and age groups may be different from that of DM, as
DBT potentially can reduce masking and resolve superpo-
sition of breast tissue. Prospective (5—11) and retrospective
(12-18) studies have shown that the integration of DBT
improves the cancer detection or recall rates for both fatty
and dense breasts and in age groups relevant for mammog-
raphy screening. Data are limited in almost entirely fatty
and extremely dense breasts. Two large studies compared
DBT and DM in women with extremely dense breasts,
with one study finding an increased cancer detection rate
with DBT (5) and the other finding similar rates for DBT
and DM (13). Therefore, there is a need for more data
from large prospective trials.

This copy is for personal use only. To order printed copies, contact reprints@rsna.org



Abbreviations

BI-RADS = Breast Imaging Reporting and Data System, CI = con-
fidence interval, DBT = digital breast tomosynthesis, DM = digital
mammography

Summary

For digital breast tomosynthesis compared with digital mammogra-
phy, true-positive rates were higher and false-positive rates were lower
for all volumetric breast density categories (except for extremely
dense breasts) and age groups (ages 50-69 years).

Key Results

m The true-positive rate with digital breast tomosynthesis (DBT)
was higher than that with digital mammography (DM) in all
volumetric density groups (range, 12%—24%; P < .001 in women
with scattered fibroglandular and heterogencously dense breasts;
P> .05 in women with almost entirely fatty and extremely dense
breasts) and all age groups (range, 15%-35%; P < .05).

= The false-positive rate with DBT was lower than that with DM in
all age groups (range, —0.6% to —1.2%; P < .01) and volumetric
density groups (range, —0.7% to —1.0%; P < .005), except for
women with extremely dense breasts (0.1%, P = .82).

» DBT showed a greater number of true-positive findings classi-
fied as spiculated masses or architectural distortions (2 < .001 in
women with scattered fibroglandular and heterogencously dense
breasts, P < .05 in women aged 55-69 years) and a reduction of
false-positive findings classified as asymmetric densities (P < .001,
except in women with extremely dense breasts).

Radiologists usually classify breasts into one of four Breast
Imaging Reporting and Data System (BI-RADS) density cat-
egories (19). This method has considerable interobserver vari-
ability (20,21). Commercial software for automatic density
classification has recently become available. Such software
uses image processing and a physical model of the breast to
calculate the woman’s breast density objectively (22), thereby
facilitating reproducible breast density stratification in the
mammography screening.

The paired design of the prospective Oslo Tomosynthesis
Screening Trial facilitates comparison of true- and false-positive
interpretation between DM and DBT. Previous analysis showed
an improvement in true- and false-positive rates with DBT (23).
The benefit across density and age groups has not previously
been analyzed in this cohort.

'The aim of this study was to compare true- and false-positive
interpretations in DM and DBT in prospective population-
based screening according to volumetric density, age, and mam-
mographic findings.

Materials and Methods
This prospective clinical trial (Clinical Trials.gov NCT01248546)

was approved by the regional ethics committee (reference num-
ber: 2010/144). Written informed consent was obtained from all
participants. Hologic (Bedford, Mass) sponsored this study by
providing equipment and financial support for additional read-
ings. The authors had control of data and information submitted
for publication. Five reports have been published on the Oslo
Tomosynthesis Screening Trial, including two interim analyses
comparing DM and DBT (7 = 12631) (24,25). After inclusion
of all women, a study comparing two versions of synthetic DM
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(n = 24901, some women were imaged twice) was published
(26). After 2 years of follow-up to assess interval cancers, the
sensitivity and specificity of DM plus DBT were compared with
those from previous DM screening rounds (7 = 24301) (27) and
for all screening arms (23). None of these reports have stratified
results according to breast density or age, which is the goal of this
preplanned analysis.

Study Cohort

From November 2010 to December 2012, 24301 women
(48451 breasts) imaged at one breast center were included
in the Oslo Tomosynthesis Screening Trial (Fig 1). The mean
participant age * standard deviation was 59.1 years = 5.7.
Women with pacemakers, women unable to stand, and women
with breast implants were not included. The selection of
women was solely based on the availability of radiographers
and imaging systems. Recruitment was part of the population-
based screening program BreastScreen Norway, which invites
women aged 50—69 years to undergo biennial two-view screen-
ing. Eight experienced radiologists (including P.S.) with 2-31
years of experience in screening mammography (average, 16
years) participated in the trial. Before the trial, each radiolo-
gist received intensive personalized training with a set of 100
cancer-enriched cases. Details regarding study population and
radiologist training are reported elsewhere (23,26).

Mammographic Imaging

Imaging was performed with three mammography systems
(Selenia Dimensions, Hologic) by using the “combo” mode
(single breast compression for DM and DBT). Craniocaudal
and mediolateral oblique projections were acquired of both
breasts. A standard screening setting (auto filter) was used, re-
sulting in a mean average glandular radiation dose of 1.74 and
2.10 mGy for DM and DBT views, respectively (28).

Image Evaluation

Radiologists categorized their findings by using the Breast-
Screen Norway scale for the probability of cancer, as follows:
1, negative or definitely benign; 2, probably benign; 3, inde-
terminate; 4, probably malignant; and 5, malignant. A score
of 2 or higher was classified as a positive mammographic find-
ing, and these examinations were discussed at a consensus
meeting (Fig 1). Four readers independently interpreted four
study arms: two DM arms and two DM plus DBT arms.
The workstation for each arm was in different rooms, and the
patient’s score for the respective arm was locked after clos-
ing the reading session. More details regarding study arms are
reported elsewhere (23,27). Scores from DM arms were com-
bined into a single score: two-dimensional (2D) double read-
ing. If at least one DM arm had a positive score, 2D double
reading was considered positive. Similarly, scores from DM
plus DBT arms were combined into double reading 2D plus
3D. For positive scores, the radiologist classified the mam-
mographic finding as mass (round, oval, irregular), spiculated
mass, architectural distortion, asymmetric density, calcifica-
tion, or calcification with density. All screening-detected can-
cers were classified at consensus.
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[ Women screened (Age 50 - 69): ] tion density scores, as follows: 1, almost entirely
1=34,740 fatty; 2, scattered fibroglandular densities; 3, het-
E—— ) erogeneously dense; and 4, extremely dense.
xXcludaed: .

DM only: n=28.824 At the consensus meetings at least two or three
2+ exam: n=1,603 of the eight participating radiologists assessed breast
Clinical recall . n= o2 density in consensus according to BI-RADS 4th
Lymphoma or metastasis: n= 6 . A .
Cancer recurrence after BCT: n= 1 edition denSItY (F 1g 1) (19).
Died before assessment: n= 1
Refused to attend work-up: n= 2 Statistical Ana |ysis

Oslo Tomosynthesis Screening Trial (OTST):
Women: n= 24,301
Breasts: n=48 451

Image acquisition:
Same compression DM and DBT

Differences in distributions of breast density were
assessed by using the x? test (tabulate and chi2
commands, Stata, version 15.1; StataCorp, Col-
lege Station, Tex). Agreement in density assess-
ment between volumetric and BI-RADS density
was assessed by using k statistics with quadratic

Missing density assessment: n = 50 women

|Breast density assessment using Quantra™ v, 2.0

correlation coeflicients

weights (kap, wgt [w2] commands; Stata) and
] Spearman (Spearman

2D double reading: 2D + 3D double reading:
Positive scores (TP and FP): Positive scores (TP and FP):
Women: n= 2,536 (10.4 %) Women: n= 2,180 (9.0 %)
Breasts: n=2,643 Breasts: n=2,311

Consensus meeting:

command; Stata). The 95% confidence intervals
(Cls) were estimated by using bootstrapping with
10000 replacements (bootstrap command; Stata).

The 95% Cls in differences in proportions were
estimated by using the Newcombe method for
paired proportions (the Newcombe method for
unpaired proportions was used as a conservative
estimate where one modality found all screening-

(For all cases with positive score)
Women: n= 3,794

Breast density assessment
using BI-RADS density 4" ed.

] detected cancers).

Breasts: n=4,054

_[

Women recalled:
n=938
Recall rate: 3.9 %

Women dismissed:
n=2856

2D double reading:
Screen-detected cancers:

2D + 3D double reading:
Screen-detected cancers:

‘Women: n=176 Women: n=227
Cancer detection rate: 7.2/1,000 Cancer detection rate: 9.3/1000
Breasts: n=177 Breasts: n=230

Figure 1:

Flowchart of study population shows overall recall rate and cancer
detection rate for independent two-dimensional (2D) and 2D plus three-dimensional
(3D) double reading. BCT = breast-conserving therapy, BIRADS = Breast Imaging

The McNemar test (mcci command; Stata) was
used when comparing differences in true- and false-
positive rates for 2D and 2D plus 3D. For all analy-
ses, P < .05 was considered indicative of a statisti-
cally significant difference.

We calculated the true-positive rate difference
for 2D plus 3D and 2D with respect to age by
using linear regression (regstat command; Mat-
lab, Natick, Mass). Associated 95% Cls were
calculated by using bootstrapping with 10000
replacements (Matlab).

Differences in proportions of mammographic
finding classifications in 2D and 2D plus 3D were
evaluated by using the x? test.

Results

Reporting and Data System, DBT = digital breast tomosynthesis, DM = digital mam-

mography, FP = false positive, OTST = Oslo Tomosynthesis Screening Trial, TP = true
positive, 2D = study arms using DM only, 2D+3D = study arms using DM plus DBT.

Breast Density Assessment

Volumetric breast density was calculated automatically by us-
ing commercial software (Quantra, version 2.0; Hologic). This
information was not shown to readers (Fig 1). The software uses
the raw DM image, physical model of the radiographic imag-
ing chain, and attenuation in adipose and fibroglandular tissue
to estimate volumetric breast density (ratio of fibroglandular to
total breast volume) (22). Results for each view are aggregated
into woman-based scores. Volumetric density was mapped to a
quantized density score that was similar to BI-RADS 4th edi-

62

Automatically Calculated Breast Density
Distributions

With use of volumetric density, 65% of women
(15785 of 24 251) were considered to have non-
dense breasts (density 1 and 2) and 35% (8466 of 24251)
were considered to have dense breasts (density 3 and 4). The
density distribution was different in all age groups (P <
.001), shifting toward lower breast density with age (Table 1).
The density distribution was different in women with posi-
tive scores (P < .001) and screening-detected cancers (P
= .002) compared with all women. In addition, the den-
sity distribution was different between screening-detected
and interval cancers when density was measured with use of
volumetric (quantized) density (P = .03).
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Interval Cancers

Table 1: Volumetric Breast Density according to Age, Positive Mammographic Score, and Screening-detected and

cancers®

No. of Women
with Missing Volumetric Density Grade®
Density Measure-
Subgroup No. of Women  ments* 1 2 3 4
All included women 24301 50 11.8 53.3 27.4 7.5
(2863/24251) (12 922/24251)  (6645/24251) (1821/24251)
Age 50-54 y 6508 10 6.2 45.2 35.7 12.9 (840/6498)
(401/6498) (2939/6498) (2318/6498)
Age 55-59 y 6693 14 11.2 53.0 28.7 7.1
(751/6679) (3538/6679) (1917/6679) (473/6679)
Age 60-64 y 5578 10 15.0 56.7 22.9 5.4
(837/5568) (3157/5568) (1275/5568) (299/5568)
Age 6569 y 5522 16 15.9 59.7 20.6 3.8
(874/55006) (3288/5506) (1135/55006) (209/5506)
Women with positive 3794 4 7.8 49.4 33.3 9.6
mammographic score (295/3790) (1871/3790) (1262/3790) (362/3790)
Women with screening- 230 1 7.0 (16/229)  46.7 (107/229) 36.2 (83/229) 10.0 (23/229)
detected cancers*
Women with interval 51 0 0.0 (0/51) 33 (17/51) 49 (25/51) 18 (9/51)

# Four screening detected cancers was bilateral.
$ One interval cancer was bilateral.

* Density measurement was missing for one woman with bilateral screening-detected cancer.
¥ Data are percentages, with raw data in parentheses. Volumetric density was obtained with software (Quantra, Hologic).

Table 2: Correlation between BI-RADS and Volumetric
Density

Volumetric Density

BI-RADS Density 1 2 3 4

I 115 189 6 2

II 177 1305 246 11
I 3 377 918 175
v 0 0 92 174

Note.—Data are numbers of women. Breast Imaging Report-
ing and Data System (BI-RADS) density was obtained with
BI-RADS 4th edition (19). Volumetric (“quantized”) density
was obtained with software (Quantra, Hologic). Interobserver
agreement between BI-RADS density and volumetric density
was substantial (k = 0.69 [95% confidence interval: 0.67, 0.71];
Spearman correlation coefficient: 0.70 [95% confidence interval:

0.68, 0.72]).

Table 2 shows the Spearman correlation and interobserver
agreement between volumetric density and BI-RADS density for
women with positive mammographic scores (7 = 3790). The in-
terobserver agreement (k value) was substantial with correlation
(P < .001) among the two measures of breast density assessment.

True- and False-Positive Interpretations according to

Density

Radiologists detected more cancers using 2D plus 3D com-
pared with 2D double reading for all breast densities (Table 3).
The breast-based true-positive rate was higher by 13% (two of
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15; P = .50) for almost entirely fatty breasts, 33% (26 of 79;
P < .001) for breasts with scattered fibroglandular densities,
30% (19 of 64; P < .001) for heterogencously dense breasts,
and 28% (five of 15; P = .06) for extremely dense breasts. The
95% ClIs for the difference in true-positive rate between 2D
plus 3D and 2D overlap for all density categories.

Table E1 (online) shows true-positive interpretations strati-
fied according to BI-RADS density, with similar results as strati-
fication with volumetric (“quantized”) density.

Radiologists reported fewer false-positive scores using 2D
plus 3D compared with 2D double reading for women with
all densities, except those with extremely dense breasts. The
breast-based false-positive rate was lower by 23% (45 of 197; P
=.004) for almost entirely fatty breasts, 21% (252 of 1224; P
<C.001) for breasts with scattered fibroglandular densities, and
12% (94 of 815; P = .004) for heterogeneously dense breasts.
The breast-based false-positive rate was higher by 2% (five of
229; P = .82) for extremely dense breasts.

True- and False-Positive Interpretations according

to Age

The number of true-positive scores was higher for all age strata
for 2D plus 3D compared with 2D double reading (Table 3).
The improvement in the true-positive rate was 18% (eight
of 44 breasts; P = .008) for ages 50-54 years, 19% (nine of 48
breasts; P = .02) for ages 55-59 years, 33% (15 of 46 breasts;
P <.001) for ages 60—64 years, and 54% (21 of 39 breasts; P <
.001) for ages 65-69 years. The 95% Cls for the difference in the

true-positive rate overlap for all age strata. Still, linear regression

63



Impact of Breast Density on Diagnostic Performance of Digital Mammography and Digital Breast Tomosynthesis

Table 3: Breast-based True- and False-Positive Interpretations for 2D and 2D Plus 3D Double Reading according to
Volumetric Density and Age
No. of Breasts True-Positive Interpretations False-Positive Interpretations
No. with No. with
With  Without No. with 2D plus No. with 2D plus
Parameter SDC* SDC' 2D 3D Difference? PValue 2D 3D Difference? P Value
All women 234 48217 177 230 53 (22.7) <.001 2466 2081 —385 (—0.80) <.001
[17.0, 28.6] [—1.03, —0.57]
Volumetric density®
1 and 2 125 31334 94 122 28 (22.4) <.001 1421 1124 —297 (=0.95) <.001
[14.3, 30.8] [—1.21, —0.69]
3 and 4 107 16787 82 106 24 (22.4) <.001 1044 955 —89 (—0.53) .02
[14.1, 31.4] [—0.96, —0.10]
1 17 5681 15 17 2 (11.8) .50 197 152 —45 (—0.79) .004
[—8.5, 34.3]! [—1.33, —0.26]
2 108 25653 79 105 26 (24.1) <.001 1224 972 —252(—0.98) <.001
[15.1, 33.3] [—1.28, —0.69]
3 84 13182 64 83 19 (22.6) <.001 815 721 —94 (—0.71) .004
[12.9, 32.9] [—1.19, —0.24]
4 23 3605 18 23 5(21.7) 06 229 234 5(0.14) 82
(3.0, 41.9]! [—0.83, 1.11]
Age
50-54 y 52 12952 44 52 8 (15.4) .008 901 800 —101 (—0.78) .002
5.3, 27.5]! [—1.27, —0.29]
55-59y 59 13296 48 57 9 (15.3) .02 619 542 —77 (—0.58) .009
(3.4, 27.5] [—1.01, —0.15]
60-64 y 63 11049 46 61 15 (23.8) <.001 521 388 —133 (—1.20) <.001
[11.7, 36.1] [—1.66, —0.76]
65-69y 60 10920 39 60 21 (35.0) <.001 425 351 —74 (—0.68) .003
[22.6, 47.6]! [—1.12, —0.24]
Note.—There were 2643 true- and false-positive interpretations with two-dimensional (2D) double reading and 2311 with 2D and three-
dimensional (3D) double reading. SCD = screening-detected cancer.
* One woman with bilateral cancer had missing density. Therefore, analysis stratified according to density is missing for two breasts.
" Density measurements were missing in 49 women (96 breasts). Therefore, analysis stratified according to density is missing for 96
breasts.
# Data are numbers of interpretations, with percentages in parentheses and 95% confidence intervals in brackets.
$ Volumetric (“quantized”) density was obtained with software (Quantra, Hologic).
I' Determined with the Newcombes method, unpaired.

showed an improvement of 6.7% (95% CI: 1.8%, 11.6%; P <
.01) for every 5 years, with an #* of 0.87 (95% CI: 0.14, 0.99).

The number of false-positive interpretations was lower for
all age strata with use of 2D plus 3D compared with 2D double
reading (Table 3). The false-positive rate was lower by 11%
(101 of 901 breasts; P =.001) for ages 50-54 years, 12% (77 of
619 breasts; P = .009) for ages 5559 years, 26% (133 of 521
breasts; P < .001) for ages 60—64 years, and 17% (74 of 425
breasts; = .003) for ages 65-69 years.

Age and Density Adjustments

Tables E2-E4 (online) show the age-adjusted difference in
true- and false-positive interpretations stratified according to
volumetric (quantized) and BI-RADS density and the volu-
metric density—adjusted difference in true- and false-positive
interpretations stratified according to age, respectively. The
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tables show only minor differences in estimates when adjusting
for age or volumetric density.

True- and False-Positive Mammographic Features
according to Density

The number of breast-based true-positive interpretations for
2D plus 3D and 2D double reading stratified according to
mammographic finding and volumetric (quantized) density is
shown in Figure 2. Most additional cancers found in the 2D
plus 3D analysis were classified as a spiculated mass or architec-
tural distortion (Figs 3, E1 [online]). For these lesions, differ-
ences were 25% in almost entirely fatty breasts (two of eight [P
=.50], with 10 detected with 2D plus 3D and eight detected
with 2D), 43% in breasts with scattered fibroglandular den-
sities (20 of 46 [P < .001], with 66 detected with 2D plus
3D and 46 detected with 2D), 40% in heterogencously dense
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Figure 2: Bar charts show breastbased true-positive findings for two-dimensional (2D) and 2D plus three-dimensional (3D) double reading
stratified according to volumetric (“quantized”) density in, A, entirely fatty breasts, B, scattered fibroglandular breasts, C, heterogeneously dense
breasts, and, D, extremely dense breasts. P values are given for significant differences. One woman with bilateral cancer had missing density val-

ves. Quantized density was obtained with software (Quantra, Hologic).

breasts (14 of 35 [P < .001], with 49 detected with 2D plus
3D and 35 detected with 2D), and 33% in extremely dense
breasts (four of 12 [P =.13], with 16 detected with 2D plus 3D
and 12 detected with 2D). In addition, more cancers classified
as calcification and/or calcification plus density were found in
women with scattered fibroglandular breasts (26%, six of 23
[P =.03], with 29 detected with 2D plus 3D and 23 detected
with 2D).

The number of breast-based false-positive interpretations for
2D plus 3D and 2D double reading stratified according to the
mammographic finding reported by the readers and volumetric
(quantized) density is shown in Figure E2 (online). There was a
reduction in false-positive interpretations classified as asymmet-
ric densities with use of 2D plus 3D for women in all density
categories (Fig E3 [online]), except for women with extremely
dense breasts. The reduction was 51% in almost entirely fatty
breasts (32 of 63 [P = .001], with 31 false-positive interpreta-
tions with 2D plus 3D and 63 with 2D), 58% in breasts with
scattered fibroglandular densities (231 of 397 [P < .001], with
166 false-positive interpretations with 2D plus 3D and 397
with 2D), 52% in heterogeneously dense breasts (111 of 215
[P < .001], with 104 false-positive interpretations with 2D plus
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3D and 215 with 2D), and 27% in extremely dense breasts (13
of 48 [P = .15], with 35 false-positive interpretations with 2D
plus 3D and 48 with 2D). There was a lower amount of false-
positive findings classified as spiculated mass and/or architec-
tural distortions and a higher amount of false-positive findings
classified as calcifications and/or calcification plus density for 2D
plus 3D compared to 2D.

True- and False-Positive Mammographic Features
according to Age

The number of breast-based true-positive interpretations for
2D plus 3D and 2D double reading stratified according to
mammographic findings and age is shown in Figure E4 (on-
line). The number of true-positive findings was higher in 2D
plus 3D only for spiculated masses and/or architectural distor-
tions for all age groups. The magnitude of the increase was 18%
for age 50-54 years (five of 28 [P = .06], with 33 true-positive
interpretations for 2D plus 3D and 28 with 2D), 21% for age
55-59 years (seven of 33 [P = .04], with 40 true-positive inter-
pretations for 2D plus 3D and 33 for 2D), 60% for age 60—64
years (12 of 20 [P =.002], with 32 true-positive interpretations
for 2D plus 3D and 20 for 2D), and 76% for age 65-69 years
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(16 of 21 [P < .001],
with 37 true-positive in-
terpretations for 2D plus
3D and 21 with 2D).
The number of breast-
based false-positive in-
terpretations for 2D plus
3D and 2D stratified
according to age and
mammographic finding
reported by the readers is
shown in Figure 4. There
was a similar difference
in type of false-positive
findings across all age
categories.

Discussion
We  compared
detection rates and false-
findings with
digital breast tomosyn-
thesis (DBT) and digital
(DM)

stratified  according  to

cancer

positive

mammography on the DBT image (29).

density and age, as pre-

vious studies have shown conflicting results. The results of our
study show that adding DBT to DM in screening yields more
cancers in women of all density categories (range, 12%—24%; P
< .001 in women with scattered fibroglandular and heteroge-
neously dense breasts, 2 > .05 in women with almost entirely
fatty and extremely dense breasts) and age groups (range, 15%-—
35%; P < .05). Most additional cancers manifest as spiculated
masses or architectural distortions (P < .001 in women with
scattered fibroglandular and heterogeneously dense breasts; 2 <
.05 in women aged 55-69 years). Improvement in cancer detec-
tion with DBT showed a positive correlation (2 < .01) with age
(50—69 years). The false-positive rate was lower for women in
most density categories (range, —0.7% to —1.0%; P < .005)
and age groups (range, —0.6% to —1.2%, P < .01). The false-
positive rate was not lower in women with extremely dense
breasts (0.1%, P = .82), mostly due to lower number of asym-
metric densities (P < .001).

Studies have shown improvement in cancer detection by using
DBT over DM in fatty and dense breasts (5,9,11-13,15), in agree-
ment with our results. The Malmé trial (5) indicated improve-
ment using DBT for women with all densities, whereas another
retrospective study (13) indicated similar performance, except for
women with extremely dense breasts. Our results agree with those
from the Malmé trial (5), which found improved cancer detection
for women with extremely dense breasts and most additional can-
cers manifesting as spiculated masses or architectural distortions.
Image texture from normal tissue (eg, fibroglandular tissue) can
mask tumor spiculations and mass at DM (29). DBT removes
out-of-plane fine structures, leaving in-plane tumor and spicula-
tions visible. It has been shown that DBT requires at least some
amount of peritumoral fat to be effective in dense breasts (30).

Lmlo DBT

Figure 3: Screening mammograms (mediolateral oblique [Lmlo] views) obtained with, A, digital mammogra-
phy (DM) and, B, digital breast tomosynthesis (DBT) in left breast of 68-year-old woman with fatty breast (volu-
metric density score of 2 with software [Quantra, Hologic] and Breast Imaging Reporting and Data System
density category Il) show a spiculated mass (in circle). Positive scores were given only by the DBT readers; the
cancer was overlooked by both two-dimensional mammography readers. Histologic examination revealed an
8-mm tubular carcinoma. As the textures masking the tumor in the DM image are small, out-of-plane blurring
effectively renders the masking fextures invisible on the DBT images, leaving the in-plane tumor and spicula-
tions visible. In addition, a dark halo image artifact in the tube movement direction helps highlight the tumor

In addition, the anatomic noise of structures larger than 2 mm is
almost identical in DBT and DM images (31). This indicates that
DBT does not allow radiologists to “see though” dense breast pa-
renchyma but removes fine textures masking tumor spiculations in
women of all breast densities. Our study showed that radiologists
detected more spiculated masses with DBT compared with DM
as the woman’s age increases. An explanation is as age increases,
the proportion of less-aggressive slower-growing cancers increases
(4). Such small low-grade tumors tend to manifest as spiculated
masses (6), which are better visualized with DBT. Other stud-
ies have shown increased cancer detection for all age groups in
women aged 50-69 years (5,8,9,11,14,15); to our knowledge, no
studies have shown positive correlation with age.

Studies have shown a reduction in the recall rate using DBT
for women in all breast density categories (9,12,13,15,16,18).
Our results and those from another Norwegian trial (10) dif-
fer from the results of these studies, with no difference in false-
positive or recall rates for women with extremely dense breasts.
However, we found a reduction in false-positive findings in het-
erogencously dense breasts; the other study did not (10). The
differences in the false-positive or recall rate in women with
extremely dense breasts might be explained by the large dif-
ference in recall rate between countries. Other studies (32,33)
have shown recall reduction mainly due to asymmetric densities,
similar to our results. Superimposition of glandular tissue cre-
ates pseudo-lesions in DM, which DBT often resolves as glan-
dular tissue is depicted in different sections. Unlike the Malmo
trial (7), we detected fewer false-positive findings classified as
spiculated mass or architectural distortions. We found more
false-positive findings with calcifications, which might be due
to highlighting of calcifications by using synthetic 2D imaging,.

radiology.rsna.org = Radiology: Volume 293: Number 1—October 2019



450
A p=0.02 p<0.001 p=0.02
3 400 —
g 350 D 2D double reading
] B2D+3D double reading
o 300
B
=
3 250
a
2 200
&
B 150
£
= 100
8
@ 50
i [
Mass Spiculated Asymmetric Calcification/ Other
mass/ density Calcification combinations
Architectural plus density  of findings
distortion
225
C p<0.001
2200
B 02D double reading
S 125 B 2D+3D double reading
é 150
=
8125
="
2100
&
B s
©
Z 50
2
0 ==
Mass Spiculated Asymmetric Calcification/ Other
mass/ density  Calcification combinations
Architectural plus density  of findings
distortion

Dsterds et al

225
B p<0.001  p=0.001
=200
3 - 02D double reading |
§ 82D-+3D double reading
2 150 1
=
g 125 |
-9
2 100 .
&
B 7 {
£
?é 50 |
& |
; [
Mass Spiculated Asymmetric Calcification/ Other
mass/ density  Calcification combinations
Architectural plus density  of findings
distortion
175
= D p<0.001 p=0.005
~ 150
8
] 155 02D double reading
5 B 2D+3D double reading |
=
3 100 ‘
a
L]
b RE {
3
s 50 |
2
8 25 |
=]
. [
Mass Spiculated Asymmetric Calcification/ Other

mass/ density Calcification combinations
Architectural plus density  of findings
distortion

Figure 4: Bar charts show breastbased false-positive findings for two-dimensional (2D) and 2D plus three-dimensional (3D) double reading
stratified according to patient age: A, 50-54 years, B, 55-59 years, C, 60-64 years, and, D, 65-69 years. P values are given for significant

differences.

Density was assessed with use of volumetric and BI-
RADS density. BI-RADS density has large interobserver
variability, making it potentially advantageous to use volu-
metric density (20,21). Our study and a previous analysis
(34) showed that agreement of BI-RADS and volumetric
density is limited in almost entirely fatty and extremely
dense breasts. Most discrepant classifications will be border-
line cases (34), resulting in similar comparison of true- and
false-positive rates by using either density measure. If volu-
metric density was used, two-thirds of the women would be
classified as having fatty breasts, compared with half if using
BI-RADS density (19,34).

Our study has limitations. It was a single-institution trial. We
used the 4th edition of BI-RADS for breast density categoriza-
tion because this was the standard scale when the Oslo Tomo-
synthesis Screening Trial started. In addition, Quantra version
2.0 maps volumetric density into categories according to the
BI-RADS 4th edition density. Newer versions of Quantra use
the BI-RADS 5th edition as reference. In the 5th edition, breasts
are classified into a higher category if an area is dense and can
obscure lesions. The 5th edition might be more associated with
a reduction in sensitivity in both DM and DBT as very dense
areas can obscure cancers.
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In conclusion, mammography screening using digital
breast tomosynthesis (DBT) depicted more cancers in all
density and age groups compared with digital mammography
(DM) owing to the higher number of cancers classified as
spiculated masses and architectural distortions at DBT. Im-
provement in cancer detection showed a positive correlation
with age. The number of false-positive findings with DBT
was lower than that with DM due to fewer asymmetric densi-
ties, except in extremely dense breasts.
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Table E1: Breast-based true- and false-positive interpretations for 2D and 2D plus
3D double reading according to BI-RADS density

BI-RADS breast Breasts True-positive interpretations False-positive interpretations
density WiﬂESDC 2D (n) | 2D plus Difference 2D (n) 2D plus Difference
3D ™y % [95% CI] P value 3D (n) )
All women 234 177 230 53 22.7 [17.0-28.6] < 0.001 2,466 2,081 -385
Density | and Il 115 90 114 24 20.9 [13.5-29.2] < 0.001 1,388 1,052 -336
Density Il and IV 119 87 116 29 24.4[15.5-33.3] < 0.001 1,078 1,029 -49
Density | 19 16 19 3 15.8 [-3.9-37.6]" 0.25 195 166 -29
Density Il 96 74 95 21 21.9[13.5-31.2] < 0.001 1,193 886 -307
Density IlI 98 72 95 23 23.5[13.5-33.4] < 0.001 915 863 -52
Density IV 21 15 21 6 28.6 [7.2-50.0]* 0.03 163 166 3

Note. — There were 2643 true- and false-positive interpretations with two-dimensional (2D) double reading and 2311
with 2D plus three-dimensional (3D) double reading. SDC = Screening detected cancer, CI = Confidence interval.

* Newcombes method, unpaired.

Table E2: Age adjusted difference in true-positive rate (TPR) and false-positive

rate (FPR) for 2D plus 3D and 2D stratified by volumetric density*

Difference TPR (2D plus 3D

vs 2D) % [95% ClJ

Difference FPR (2D plus 3D

vs 2D) % [95% CI]

All women 227 [17.028.6] ~0.80 [-1.03--0.57]
Age adjusted 22.4[16.7-28.0] ~0.81 [-1.04--0.57]
Density 1 and 2 22.4 [14.3-30.8] ~0.95 [-1.21--0.69]
Age adjusted 21.3 [13.5-29.4] ~0.96 [-1.22--0.69]
Density 3 and 4 224 [14.1-314] ~0.53 [-0.96--0.10]
Age adjusted 24.0 [15.4-32.8] ~0.50 [-0.94--0.05]
Density 1 11.8 [-8.534.3]t ~0.79 [-1.33--0.26]
Age adjusted 8.3 [0.0-18.8] ~0.78 [-1.42--0.17]
Density 2 241 [15.1-33.3] ~0.98 [-1.28--0.69]
Age adjusted 23.0 [14.6 32.2] ~1.00 [-1.30--0.70]
Density 3 226 [12.9 32.9] ~0.71 [-1.19--0.24]
Age adjusted 235 [14.2-33.3] ~0.69 [-1.18--0.20]
Density 4 217 [3.0 41.9]t 0.14 [-0.83-1.11]
Age adjusted 19.5 [5.0_38.3] 0.23 [-0.85_1.34]

The age adjustment was calculated by averaging results in each age strata (age 50-54, 55-59, 60—-64 and 65-69).

This was done to correct for differences in age distributions within each density strata. 95% confidence intervals in

the age adjusted estimates was calculated using bootstrapping with 10,000 resamples. The unadjusted estimates
(shown in Table 3) are also shown. TPR = True positive rate, FPR = False positive rate, CI = Confidence interval.

* Quantized density (Quantra; Hologic).

T Newcombes method, unpaired.

Page 1 of 2




Table E3: Age adjusted difference in true positive rate (TPR) for 2D plus 3D and
2D stratified by BI-RADS density

Difference TPR (2D plus 3D vs 2D) %

[95% Cl]

BI-RADS density | and Il

20.9 [13.5 29.2]

Age adjusted

19.9 [12.8 27.4]

BI-RADS density Ill and IV

24.4 [15.533.3]

Age adjusted

251[16.3-33.8]

BI-RADS density 4th ed. |

15.8 [-3.9 37.6]"

Age adjusted

12.5 [0.0-27.5]

BI-RADS density 4th ed. Il

21.9[13.5 31.2]

Age adjusted

21.1[13.329.7)

BI-RADS density 4th ed. IlI

23.5 [13.5_33.4]

Age adjusted

23.4 [13.9-32.6]

BI-RADS density 4th ed. IV

28.6 [7.2-50.0]"

Age adjusted

29.7 [71-57.7]

The age adjustment was calculated by averaging results in each age strata (age 50-54, 55-59, 60—-64 and 65-69).
This was done to correct for differences in age distributions within each BI-RADS density strata. 95% confidence
intervals in the age adjusted estimates was calculated using bootstrapping with 10,000 resamples. The unadjusted
estimates (shown in Table E1) are also shown. TPR = True positive rate, CI = Confidence interval.

* Newcombes method, unpaired.

Table E4: Volumetric density adjusted difference in true positive rate (TPR) and
false positive rate (FPR) for 2D plus 3D and 2D stratified by age

Difference TPR (2D plus 3D | Difference FPR (2D plus 3D

vs 2D) % [95% ClI] vs 2D) % [95% CI]
All women 22.7 [17.0-28.6] —0.80 [-1.03--0.57]
Density adjusted 21.6 [16.1-27.2] —-0.80 [-1.03--0.56]
Age 50-54 15.4 [6.3-27.5]* —-0.78 [-1.27--0.29]
Density adjusted 16.2 [5.4-29.7] —0.84 [-1.33--0.34]
Age 55-59 15.3 [3.4-27.5] —-0.58 [-1.01--0.15]
Density adjusted 13.4 [2.8-24.5] -0.58 [-1.02--0.15]
Age 60-64 23.8[11.7-36.1] -1.20 [-1.66--0.76]
Density adjusted 23.4[12.0-36.1] —1.24 [-1.73--0.74]
Age 65-69 35.0 [22.6-47.6] —0.68 [-1.12--0.24]
Density adjusted 35.1[23.7-47.3] —0.57 [-1.06--0.09]

The volumetric density adjustment was calculated by averaging results in each volumetric density (in percent) strata:
0-6, 7-9, 10—14 and 15-100%. These density strata were chosen to ensure the number of women in each density
group was comparable. Density correction was done to correct for differences in density distributions within each
age strata. 95% confidence intervals in the density adjusted estimates was calculated using bootstrapping. The
unadjusted estimates (shown in Table 3) are also shown. TPR = True positive rate, FPR = False positive rate, CI =
Confidence interval.

* Newcombes method, unpaired.
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Supplementary figures (https://pubs.rsna.org/doi/suppl/10.1148/radiol.2019190425):

Lmlo DBT

Figure E1: Screening mammogram mediolateral oblique views of a 66-year-old woman with a 6 mm
invasive ductal carcinoma in the left breast. The cancer is not seen on digital mammography (a) and
both readers had a normal score. Digital breast tomosynthesis (b) reveals a small spiculated lesion in the
dense breast (Volumetric density? 3 and BI-RADS density Il1), and both readers gave a true-positive
score. *Quantized density (Quantra; Hologic).


https://pubs.rsna.org/doi/suppl/10.1148/radiol.2019190425
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Figure E2: Breast based false positive findings for 2D and 2D plus 3D double reading stratified by

volumetric (Quantized) density. (a) AlImost entirely fatty breasts. (b) Scattered fibroglandular breasts. (c)
Heterogeneously dense breasts. (d) Extremely dense breasts. P values is given for significant differences.
Quantized density was obtained with software (Quantra, Hologic).
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Figure E3: Screening mammogram craniocaudal (CC) views of a 68-year-old woman with fatty breasts
(volumetric density? 2 and BI-RADS density II). Digital mammography (DM) shows a small focal
asymmetric density (a) and (b) in the right breast (circle) suspicious to the readers of 2D, both giving a
false-positive score of 2. Zooming the CC DM image (c) demonstrates a nonspecific focal density.
Zoomed slices using digital breast tomosynthesis (18/47 and 23/47, (d) and (e), respectively) downgrade
the finding as a “pseudo lesion” due to superposition of a small area of parenchyma and crossing
connective tissue. Both 2D plus 3D readers gave the case a true-negative score. *Quantized density

(Quantra; Hologic).
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Figure E4: Breast based true positive findings for 2D and 2D plus 3D double reading stratified by age. (a)
Age 50-54. (b) Age 55-59. (c) Age 60—64. (d) Age 65—69. P values is given for significant differences.
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