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Abstract

The aim of this thesis was to investigate aspects on detectability of
simulated lesions (microcalcifications and masses) in digital mammography
(DM) and breast tomosynthesis (BT). Perception in BT image volumes were
also investigated by evaluating certain reading conditions.

The first study concerned the effect of system noise on the detection of
masses and microcalcification clusters in DM images using a free-response
task. System noise has an impact on image quality and is related to the dose
level. It was found to have a substantial impact on the detection of
microcalcification clusters, whereas masses were relatively unaffected. The
effect of superimposed tissue in DM is the major limitation hampering the
detection of masses. BT is a three-dimensional technique that reduces the
effect of superimposed tissue.

In the following two studies visibility was quantified for both imaging
modalities in terms of the required contrast at a fixed detection performance
(92% correct decisions). Contrast detail plots for lesions with sizes 0.2, 1, 3,
8 and 25 mm were generated. The first study involved only an in-plane BT
slice, where the lesion centre appeared. The second study repeated the same
procedure in BT image volumes for 3D distributed microcalcification
clusters and 8 mm masses at two dose levels. Both studies showed that BT
needs substantially less contrast than DM for lesions above 1 mm.
Furthermore, the contrast threshold increased as the lesion size increased for
both modalities. This is in accordance with the reduced effect of
superimposed tissue in BT. For 0.2 mm lesions, substantially more contrast
was needed. At equal dose, DM was better than BT for 0.2 mm lesions and
microcalcification clusters. Doubling the dose substantially improved the
detection in BT. Thus, system noise has a substantial impact on detection.

The final study evaluated reading conditions for BT image volumes. Four
viewing procedures were assessed: free scroll browsing only or combined
with initial cine loops at frame rates of 9, 14 and 25 fps. They were viewed
on a wide screen monitor placed in vertical or horizontal positions. A free-
response task and eye tracking were utilized to record the detection
performance, analysis time, visual attention and search strategies. Improved
reading conditions were found for horizontally aligned BT image volumes
when using free scroll browsing only or combined with a cine loop at the
fastest frame rate.
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1 Introduction

Screen-film mammography (SFM) has widely been considered the most
important breast imaging modality since its introduction. However, this
technique still offers a limited sensitivity (Laming and Warren, 2000; Pisano
et al., 2005; Poplack et al., 2000; Rosenberg et al., 2000) missing up to 30%
of the breast cancer cases. Expectations were high that the introduction of
digital mammography (DM) would lead to improvements in both image
quality and diagnostic accuracy. However, only two out of ten studies
comparing DM with SFM as screening modality showed a statistical
significant advantage in favour of DM (Skaane, 2009).

One of the benefits of DM over SFM is its wider dynamic range with
respect to dose, allowing operation in a quantum noise (stochastic poisson
distributed fluctuations of X-ray intensity) limited region, relatively lower
than SFM (Chawla et al., 2006; Hemdal et al., 2005; Hemdal et al., 2002;
Huda et al., 2006). When considering a dose reduction, the benefit of
reducing the risk of radiation induced breast cancer should be weighted
against the risk of introducing noisier images and thus compromising
diagnostic accuracy.

A major limitation of DM is the superimposition of tissue when the anatomy
is projected down to a two-dimensional (2D) image (without depth
resolution), potentially hampering detection of existing lesions or generating
false findings suspicious for malignancy. To partially resolve this limitation
a three-dimensional (3D) imaging approach called breast tomosynthesis
(BT) has been proposed (Niklason et al., 1997). Experimental as well as
clinical studies have shown BT to be better than DM, particularly for breasts
with a high proportion of fibroglandular tissue (Andersson et al., 2008; Gur
et al., 2009). An overview of local initial experiences with BT has recently
been published (Tingberg et al., 2011).

Two frequent signs of breast cancer are masses and small calcifications
(typically 0.1-0.5 mm) often referred to as microcalcifications and arranged
in clusters. Perception studies under controlled conditions have shown that
the effect of superimposed tissue is the main reason for decreasing the
visibility of masses, whereas microcalcification clusters (and subtle
characteristics of masses and surrounding tissue) are more sensitive to
system noise (quantum noise and electronic noise) and thus relatively dose-



dependent (Bochud et al., 1999; Burgess et al., 2003; Burgess et al., 2001;
Huda et al., 2006).

BT generates an extensive set of data compared to DM and the reading time
is also longer (Good et al., 2008). In a screening situation a high throughput
of examinations and an efficient workflow is crucial. The need for
optimization of reading conditions for BT is obvious.

Currently, the standard viewing procedure for BT image volumes is free
scroll browsing, but in many cases, the observer utilizes (or has the option to
utilize) a cine loop to get a quick overview. How different frame rates of the
cine loop are related to detection in BT image volumes and if there is a
benefit of showing an initial cine loop have not yet been investigated.

The BT image volume could be displayed on a wide screen monitor in either
vertical or horizontal position. The peripheral vision guides visual search
(Banks et al., 1991; Engel, 1977; Kundel, 1975) and it has been confirmed
in visual search tasks that the perceptual span is larger for horizontal than
vertical searches (Anstis, 1974; Philips and Edelman, 2008). However, in
radiology the traditional reading setting for a wide screen monitor is vertical
orientation. The influence on efficiency and accuracy in interpreting BT
image volumes horizontally has not yet been investigated. When estimating
how BT image volumes are perceived, eye tracking can be utilized.

1.1 Objectives

The objectives of this thesis were:

 to investigate the effect of system noise on search-based detection of
masses and microcalcification clusters in DM images using a free-
response task (Paper I),

e to quantify the required contrast threshold (at a fixed detection
performance) for different simulated lesion sizes based on the visibility in

in-plane BT slices and DM images (Paper II),

e to compare visibility of 3D distributed masses and microcalcification
clusters in reconstructed BT image volumes and DM images (Paper III),

« to evaluate how BT image volumes can be read efficiently, using a free-
response study combined with eye tracking (Paper 1V).

10



2 Scientific and technical background

2.1 Imaging modalities relevant for the current studies

2.1.1 Digital mammography

A widespread X-ray technique that has gained implementation in breast
imaging is DM. Some of the major advantages are the convenient handling
and archiving of the images and a large dynamic range with respect to
exposure. DM images are formed by converting X-rays (transmitted through
the breast), which are absorbed in a 2D detector, into digitized signal values,
commonly referred to as pixel values (Figure 2.1). The main normal and
abnormal tissue components of the breast (adipose, fibroglandular, tumor
tissue and calcifications) have different attenuation (integrated energy
dependent probability of possible interactions resulting in an energy
absorption) of the X-rays. The result is a transmission map which can be
transformed into a image by assigning a number of grey levels (Figure 2.2).
The image can be presented on a dedicated monitor and processed to
enhance tissue components adjusted for the human eye.

There are several detector principles that can be utilized, mainly categorized
into direct or indirect conversion detectors (Mahesh, 2004; Noel and
Thibault, 2004; Pisano and Yaffe, 2005; Rowlands, 2000). When utilizing
direct conversion, X-rays are absorbed in a semi-conductor layer, creating
electron-hole-pairs that are collected by an electrical field and stored into a
thin film transistor array. In an indirect conversion detector the absorbed X-
rays are first converted into visible light in a scintillator, then the light is
collected in a photodiode, converting it into electrical charge and storing it.
Finally each detector element is read out and digitized (to form an image).
Other techniques that can be utilized are computed radiography (Rowlands,
2002) and direct photon counting detectors (Aslund et al., 2007).

The DM unit used in this work was a Siemens Mammomat Novation
(Erlangen, Germany), containing a direct conversion a-Se flat panel detector
measuring 24 cm x 29 cm and with a detector pixel size of 70 pm x 70 pm.
The beam quality can be adjusted by varying the X-ray tube potential
(25-32 kVp) and by using different anode/filter combinations; W/Rh or Mo/
Mo. An appropriate beam quality is configured to meet the optimal
operating range of the detector based on breast thickness and glandular
content. During the examination, the breast is compressed and irradiated. In
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the investigations included in this thesis, the beam quality was selected
based on the breast thickness and the exposure was regulated based on the
breast composition and thickness with an automatic exposure control. The
average glandular dose (AGD) was 1.3 mGy in the study presented in
Paper I and 0.8 mGy in the remaining studies for a standard breast (50 mm
compressed breast thickness with 50% fibroglandular content) (Dance et al.,
2000; Zoetelief et al., 1996.).

X-ray tube

]

Breast

\ 7 Compression paddle

v Digital detector

Figure 2.1 - Schematic illustration of a DM unit.
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Figure 22 - DM image with bright dense areas representing mainly
fibroglandular tissue, whereas the darker areas represent mostly adipose tissue.

2.1.2 Breast tomosynthesis

Breast tomosynthesis can be defined as the acquisition of a number of
projection images at different angles from which slices parallel to the
detector plane can be reconstructed (Figure 2.3). Typically, the X-ray tube
moves in an arc over a limited angular span of ~10 to 50 degrees usually
over a stationary detector, acquiring ~11 to 25 low dose projection images
(Andersson et al., 2008; Bissonnette et al., 2005; Niklason et al., 1997,
Reiser and Nishikawa, 2010). These images are reconstructed to form a 3D
breast volume usually with 1 mm thick slices (Figure 2.4). In general, the
absorbed dose is approximately twice that of a single DM image. There are
several reconstruction algorithms that regulate signals, minimize noise and
artifacts caused by sparse sampling and reconstruction parameter settings
(Hu et al., 2008; Wu et al., 2004). It has been shown that the sensitivity of
BT was superior over DM in selected patient groups (Andersson et al.,
2008; Gur et al., 2009). However, other studies have been unable to
demonstrate an advantage of BT over DM (Gennaro et al., 2010; Svane et
al., 2011; Teertstra et al., 2010). The sensitivity combined with specificity
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remains unknown in unselected clinical materials as well as the performance
of BT as a screening modality. To the knowledge of the author, these issues
will be investigated in two ongoing clinical screening trials in Malmé and
Oslo (ClinicalTrials.gov id: NCT01091545; NCT01248546). Some of the
major advantages are that BT can be operated at relatively low dose levels
and provides high resolution slices in the plane parallel to the detector with
improved depth resolution compared with DM.

The BT unit used in this work was a prototype based on the Siemens
Mammomat Novation (Erlangen, Germany). The X-ray tube was modified
to move continuously along the arc acquiring 25 projection images evenly
distributed over 50 degrees over a stationary flatpanel detector with a
detector pixel size of 85 pm x 85 um that enables fast read out (Bissonnette
et al., 2005). The exposure was synchronized with detector read out. The
AGD was approximately 1.6 mGy for a 50 mm standard breast. In this work
a generalized filtered back projection reconstruction method was used with
filters designed for sparse sampling (Hu et al., 2008; Lauritsch and Haerer,
1998; Mertelmeier, 2006; Orman et al., 2006; Zhao et al., 2009).

Movement of X-ray tube

) /
N\ /
\ /‘ / .
\ /
\\ /,‘
\\ /
\\‘ /
\ /
Breast \ /
~ \ / 7 Compression paddle
‘\ \\\ ) / ///
z T \ -
~ o |
e e R 1 —\
""" {  — /,k Reconstructed planes

ﬁ‘\ Digital detector

Figure 2.3 - Schematic illustration of a BT unit.
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Figure 2.4 - An example of a stack of BT slices.

2.2 Perception metrology

2.2.1 The free-response task

The current golden standard for evaluating imaging system performance is
receiver operating characteristics (ROC) (Metz, 1986; Metz, 2000). It has
however not been used in this thesis, since it does not handle multiple
suspicious regions/lesions or information about their localization. Instead, to
quantify detection or diagnostic performance, a free-response task was used
allowing the observer to freely locate and mark suspicious regions in the
images. The findings (single or multiple) are rated according to a confidence
level based on the observer’s decision certainty. If a mark is within the
determined lesion region it is defined as a lesion localization (LL), else it is
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a non-lesion localization (NL). The establishment of the truth is crucial as
the truth is a-priori unknown to the observer and a prerequisite when
conducting free-response tasks.

An established way of presenting the free-response task performance is to
generate a FROC (Free-response Receiver Operating Characteristics) curve
and calculate the area under the curve referred to as figure-of-merit (FOM)
(Bunch PC et al., 1978). The FROC curve is generated by plotting the lesion
localization fraction (LLF) versus non-lesion localization fraction (NLF),
where LLF is LL divided by the total number of lesions and NLF is NL
divided by the total number of images. Since the NLF depends upon the
number of NL divided by the total number of images, the abscissa in the
plot can extend indefinitely, leading to a less suitable FOM (0 < FOM < )
metric.

Another possibility is the Alternative FROC (AFROC) curve, where the
relationship of LLF versus false positive fraction (FPF) is plotted
(Chakraborty and Winter, 1990). The FPF is the number of normal images
incorrectly identified as abnormal images divided by the total number of
normal images. The FOM representing the area under the AFROC curve in
this case is within square unity (0 < FOM < 1). It is the probability that
lesions are rated higher on abnormal images than on normal images.

Jackknife AFROC (JAFROC) is a resampling method used in Paper I and
IV to analyze multiple readers and cases in free response task data
(Chakraborty and Berbaum, 2004). The statistical power (the probability of
rejecting the null hypothesis when it is false) of this method has been
reported to be exceptional for free-response tasks (Chakraborty, 2008). The
JAFROC FOM is the probability that a LL rating (on abnormal images)
exceeds all NL ratings (on normal images). It is defined in Equation 2.1:

. Ny N
FOM: NnNNp, i§1 El W(Xi’ Y])
| 10if Y>X Eq.2.1
Y(X,Y)= 05if Y=X
00if Y<X

where X; is the highest NL rating for case i and Yjis the LL rating for lesion
j- Nx and N are the total number of normal cases and lesions, respectively.
1y is the function that involves the comparisons of X and Y. In most cases
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free-response tasks involve several cases and observers, when comparing
different conditions or modalities. In the jackknife step, pseudo-values are
created by sequently removing a case (repeated for each condition or
modality and observer) and recalculating FOM, creating a pseudo matrix.
This matrix is analyzed by using a mixed model analysis of variance
(ANOVA) that yields a p-value for rejecting the null hypothesis that the
observer-averaged FOMs are identical. Furthermore, it provides confidence
intervals for the difference in FOM of the investigated conditions
(Chakraborty, 2010).

2.2.2 The alternative forced choice method

In special tasks involving detection or discrimination of signals in noisy
backgrounds under more controlled conditions than in a free-response task,
the alternative forced-choice (AFC) method could advantageously be
employed (Burgess, 1995; Burgess et al., 2001). The experiment is fast to
perform as the observer’s search is usually limited to small regions
(segmented images) and no reports of decision certainty is required. The
cost- and time-consuming involvement of radiologists is not needed as no
clinical experience is required for the task. However, a limitation of this
method is that it does not reflect a clinical realistic task (including both
perception and interpretation: search; detection; and classification) and that
sensitivity and specificity pairs cannot be reported.

In Paper II and III a MAFC (M is the number of alternative locations)
detection task has been utilized as suggested by Burgess (Burgess, 1995).
An example of a 4AFC is shown in Figure 2.5. In this case, the observer is
presented with four random images with overlay of concentric circles. In
one of them is a signal stimulus randomly inserted. Presented above these
images is a cue (concentric circle and signal) to guide the observer of both
the signal stimulus (size, shape, distribution) and location. The observer is
forced to choose the region most likely holding the signal. The proportion of
correct responses (PC) is then determined or, alternatively, a detectability
index (d') is calculated. Chance performance is given by PC = 1/M for equal
prior probabilities. The detectability index is a common measure referred to
as the observer’s ability to discriminate between signal-present locations
(correct decisions) and noise-present locations (incorrect decisions) as
characterized by two probability density functions (Myers, 2000). It is
especially useful since d' is linearly related to the contrast of the signal
stimulus, and can be used to generate contrast-detail plots (Figure 2.6). The
transformation of PC to d' is presented in Equation 2.2 assuming statistically
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independent responses and normally distributed probability density
functions with equal variances:

400

PC(d’, M) = | ¢p(x-d") [@(x)]" " dx Eq.22
P2 x
PO =TmeT =L pmdy

where ¢ is the probability density function for the stimuli present decision
variables and @ is the cumulative distribution function for the stimuli-absent
function (Eckstein et al., 2000).

Usually in 4AFC tasks the contrast threshold is determined approximately at
d'=2.5 (PC ~92%). This is a consequence of having a minimum coefficient
of variation of the d' at this point since PC is binomially distributed
(Burgess, 1995). The low contrast thresholds reported are often unrealistic
for clinical trials such as in the free-response task. Since the 4AFC task
involves limited search area, cues and knowledge about the signal
characteristics, the contrast would need to be increased in a free-response
task.

Figure 2.5 - A 4AFC BT case from Paper I1. The key signal is presented on top,
indicating the shape of the inserted 8 mm mass present at bottom left.

18
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Lesion signal intensity, S

Figure 2.6 - An example from Paper II of a plot of d' versus lesion signal
intensity (i.e. contrast) for a 8 mm mass in in-plane BT slices and DM images.
The error bars are 95% confidence intervals.

A statistical resampling method called bootstrapping was used in Paper II
and IIT in order to assemble confidence intervals of d' differences of
investigated conditions or modalities (Efron, 1982; Efron and Tibshirani,
1994). This is particularly useful when samples or observers are limited. In
this method, a bootstrap is performed by randomly extracting a new sample
from the collected data from which a metric (e.g. d') is calculated. By
repeating this many times, a distribution of d' values is generated, providing
an estimate and requested percentiles, hence the confidence interval for
either the estimate or differences of conditions or modalities is created.

2.2.3 Eye tracking

When analyzing how BT image volumes are visually attended and searched,
eye tracking can be utilized. It consists of an infrared camera that tracks eye
movements, and calculates gaze position using image processing and
geometrical calculations (Holmqvist et al., 2011). The eye tracker records
the gaze position 50-2000 times per second with an accuracy down to 0.2
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degrees of visual angle. The visual field consists of the central high
resolution foveal vision (about 2 degrees), parafoveal vision (2-5 degrees)
and the low resolution peripheral vision (< 240 degrees) (Kundel, 1975).
The foveal vision is usually tracked (along with the size of the pupil). The
peripheral vision is useful in an initial global overview stage and as
guidance to direct a local focused search (Kundel, 1975; Kundel and
Nodine, 1975; Kundel et al., 1991). It is however difficult to track where
attention is located in the periphery. Experienced observers also appear to
use the peripheral vision more effectively than novices (Kundel, 1975).

Eye tracking can be used as an aid to understand observers’ visual attention
and search strategies. In radiology, it has been used mainly to analyse how
radiologists read mammograms (Kundel et al., 2007; Kundel et al., 2008;
Mello-Thoms, 2006a; Mello-Thoms, 2006b; Mello-Thoms et al., 2005) and
chest radiographs (Kundel et al., 1991; Litchfield et al., 2010; Manning et
al., 2006; Manning, 2004). Visual attention (spatial locus of intake and
processing) acts slightly before the eye does (< 250 ms) (Deubel, 2008), and
is triggered by the target’s contrast, size, shape, sharpness and also higher
cognitive factors such as memory, task etc.

Some common eye tracking measures used in this work are dwell time,
dispersion, transitions and region-of-interest (ROI) entry time (Holmqvist et
al., 2011). The dwell time is the duration of one visit to a specific ROI from
entry to exit. A minimum dwell time of 100 ms was referred to as a hit. If
revisits are included, the total dwell time is the summed durations of all
visits. The dispersion quantifies the distribution of the eye tracking data over
the ROI. When the observers are presented with a stimulus of interest, it is
sometimes desirable to record the entry time and transition length (position
of gaze at lesion onset to ROI hit) from the trial start or stimulus appearance
to the ROI visitation. The steps made in a transition involve perception,
interpretation, decision making, and execution. Traditional measures of
fixation durations and saccade lengths were not used since there exist no
robust calculation methods for dynamic presentations.

In Paper IV, it was hypothesized that a higher proportion of dwell time is
beneficial for getting ROI attention and potentially leading to better
detection performance. Longer transition lengths are indicative of utilizing
more of the peripheral visual field as guidance to foveal search (Ojanpaa et
al., 2002; Philips and Edelman, 2008). The peripheral visual field has been
shown to dominate in the horizontal extension and it is considered
preferable to read horizontally extended objects (Anstis, 1974), especially in
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dynamic image presentations (e.g. BT image volumes) (Abrams and Christ,
2003; Franconeri and Simons, 2003; Megaw and J., 1979). Theoretically,
viewing horizontally oriented presentations of BT image volumes makes the
reading more efficient since the extension of the visual field is better aligned
with the viewing area of the monitor. Such alignment seems particularly
useful when viewing dynamically presented BT image volumes where
abnormalities appear abruptly in the peripheral part of the visual field. Such
abrupt onsets are known to capture attention (Abrams and Christ, 2003), and
thus guide the eyes to potential lesion locations. This might be reflected in a
faster total analysis time and a shorter entry time. Regarding entry time it
was hypothesized that a shorter entry time indicates faster detection. It was
also hypothesized that the dispersion decreases with increasing cine loop
speeds. Potentially, the time constraint when viewing fast-moving stimuli
could make eye movements less efficient, compared to a strategy where
long fixations are used to monitor the stimulus (Moraal, 1975).

The eye tracking unit used in this work (Paper IV) was a tower mounted
SMI HiSpeed 240 (SensoMotoric Instruments, Germany) with a sampling
frequency of 240 Hz and a measured average accuracy of 0.3 degrees of
visual angle (Figure 2.7). The recording computer was running an iViewX
2.2 software in pupil-corneal reflection mode (www.smivision.de). A special
ViewDEX software, mainly used for presenting images and tracking
observers’ marks and ratings, was developed and synchronized to
communicate with the recording computer (Figure 2.8) (Borjesson et al.,
2005; Hakansson et al., 2010). No general oculomotor statistics (e.g.
fixation duration and saccade length) were given as the analysis were made
on raw eye tracking data.
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Figure 2.7 - Setup of the SMI HiSpeed 240 eye tracking unit. The BT image
volumes were presented on a 5 mega-pixel flat panel EIZO SMD 21510 wide

screen monitor (oriented in vertical position).

Figure 2.8 - Eye tracking data overlayed on an BT slice presented in ViewDEX.
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2.3 Hybrid images
2.3.1 Lesion simulation and insertion method

Detection involved in the free-response and AFC task is related to target
properties such as size, shape, complexity, contrast, edges and human
factors such as internal decision thresholds (depending on experience,
knowledge, expectancies and motivation). Additionally, detection in clinical
images involves targets embedded in anatomic backgrounds. In order to
control the ground truth (position, lesion type, size, shape and contrast), it is
sometimes desirable to create hybrid images, especially under target
conditions with visibility at the perception threshold (representing the major
limitations of the investigated conditions). A hybrid image can be created by
using a normal image, into which one or several simulated lesions are
inserted and/or manipulated by changing imaging properties.

In Paper I-IV, lesions were simulated to represent irregularly shaped
masses and microcalcifications (single or distributed as clusters), both
frequently encountered breast abnormalities (Figure 2.9). Signal templates
of the lesions (a 2D signal plane parallel to the detector), based on
anatomical characteristics of real lesions, were developed in collaboration
with a group at Duke University (Ruschin et al., 2005). Their realistic
appearance was verified by radiologists at Duke University (Saunders and
Samei, 2004; Saunders et al., 2006). The signal templates could be adjusted
to any desired size (0.1-25 mm), and optionally filtered with the detector
modulation transfer function (MTF) (Paper I). The MTF is a measure of the
spatial frequency response (i.e. signal modulation) of the image system. The
clusters consisted of 15-42 randomly distributed microcalcifications. The
simulation and insertion process was based on previous studies (Lefebvre et
al., 1994; Ruschin et al., 2005) described in Paper I and III. Lesions
inserted in BT volume images need to have a 3D distribution and therefore
need to be projected down at different angles into the projection images and
subsequently used as input in the reconstruction (Paper II-IV). This was
achieved by extending parallel planes of the signal template with decreasing
dimensions forming an ellipsoid. The voxel size of the 3D lesions
(0.01-0.03 mm?3) needs to be sufficiently small to eliminate sampling
artifacts.
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Figure 2.9 - Segments of reconstructed BT slices holding simulated lesions. To
the left is a microcalcification cluster and to the right is a mass as used in Paper
I and IV .

In the insertion step, the geometrical and detector properties need to be
accounted for along with the physical properties (related to X-rays) of the
simulated lesion. The only detector property taken into account was the
aperture. The 3D lesions were projected onto the detector plane for every
projection angle by mapping each voxel to detector element (i,j). This
yielded a set of signal thickness images #(i,j) corresponding to the
integrated thickness of the lesion along the X-ray trajectories for each
projection angle k. These images could then be inserted into linear clinical
background images, Imo(i,j), to form hybrid projection images, Img(i,j),

) o i) du
Imy (i) = Img (i j)e” (1+sPR)

Eq.2.3

where Ap is the difference in the attenuation coefficient between the existing
breast tissue and the added lesion and the term #(i,j)Au is the projected
lesion signal intensity map, and SPR is the scatter-to-primary ratio (SPR is
only corrected for in Paper II-IV and the expression in Equation 2.3 is only
valid for #(i,j)Aw <« 1). A limitation is that the method is not replacing
existing tissue or accounting for interacting background tissue upon impact.

As the signal has unique spatial variations, the contrast of the lesion Srwms is
defined as the root mean square of the signal intensity map of the central
BT projection image or DM image (k = 0) and represents a relative increase
in the total attenuation of the primary X-rays (Equation 2.4).
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where M and N are total number of detector rows and columns, respectively.
In this way, the value of Ap that would result in the desired value of Srms
for a given lesion was determined. The same Ap was then used for all the
projection angles.

There are several ways of determining the contrast threshold suitable for the
detection task. Usually, one determines the contrast by conducting a pilot
study and finding out the observer’s performance and adjusting accordingly
(Paper II-1V). If it involves a clinical task, it should be at realistic contrast
thresholds reflecting the characteristics of the population of interest. Another
way, although more subjective, is by simply adjusting the contrast until a
desired visibility is reached according to an expert panel, usually
experienced radiologists (Paper I).

2.3.2 Dose reduction simulation routine

In Paper I, a dose reduction simulation routine was customized for DM
images based on a previously described algorithm (Figure 2.10) (Béath et al.,
2005; Svalkvist and Bath, 2010; Timberg et al., 2006). BT projection images
can also be used, but has not been part of any projects yet. In this routine,
quantum noise (stochastic poisson distributed fluctuations of X-rays) was
simulated and the linear original images were scaled as to be acquired on a
detector operating at a quantum noise limited range. The simulated added
noise (both uncorrelated and correlated to the original image) was based on
measured system noise properties, measured on flat field images collected at
the original and simulated dose level, including both quantum noise,
electronic noise and structural defects in the detector as described by the
noise power spectrum (NPS). The NPS holds the various spatial frequencies
that comprise the noise in an image. A prerequisite was a constant MTF at
each dose level.
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Figure 2.10 - Simulated lesions (mass in top row and microcalcification cluster in
bottom row) inserted into DM images, forming hybrid images at the 100% and
simulated 50% and 30% dose level in consecutive order (PaperI).

An alternative way, as used with BT volume images, is to simply remove
projection images prior to the reconstruction as described in Paper II-1V,
approximating a lower dose acquisition.

3 Summary of the papers

3.1 Paper I: Dose dependence of mass and microcalcification
detection in digital mammography: Free response human
observer studies

In Paper I, detection performance was evaluated for four radiologists
reading DM images at different dose levels (100%, 50%, 30% of an AGD of
1.3 mGy) using JAFROC. The lesions involved were microcalcification
clusters (36 individual calcifications, each ~0.26 mm) and irregular masses
(9 mm), inserted randomly into ~40% of 90 normal images selected from a
population based mammography screening program (forming hybrid
images). The hybrid images were then dose reduced according to the dose
reduction simulation routine (with additional image processing), yielding a
set of 270 images, divided randomly into 3 viewing sessions. In the free-
response task the radiologists used ViewDEX and were allowed to mark as
many locations as desired and to provide required confidence ratings. The
reader-averaged FOM is presented in Figure 3.1. No statistical significant
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difference was found for the masses (p = 0.19). However, the detection of
microcalcification clusters was dose-dependent with a statistically
significant difference in FOM (p < 0.0001) between any pairs of dose levels.
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Figure 3.1 - Reader-averaged FOM including 95% confidence intervals for
masses and microcalcification clusters.

3.2 Paper II: In-plane visibility of lesions using breast
tomosynthesis and digital mammography

In Paper II, lesion visibility was studied in segmented DM images and
reconstructed in-plane BT slices (central slice of the lesion). A series of
4AFC trials (60 cases each) were set up to quantify human detection
performance of randomly shaped irregular masses (size: 0.2, 1, 3, 8 and 25
mm), and to subsequently quantify the required contrast thresholds. The
dose levels were approximately the same (i.e. standard AGD of 0.8 mGy).
Additionally (as indicated by the dose-dependence in Paper I), the dose was
also doubled for the 0.2 mm lesion, as used in the clinical BT standard
acquisition protocol. Four medical physicists participated. A contrast-detail
plot was generated by determining the contrast threshold (d' = 2.5) for each
size and bootstrapping the corresponding confidence intervals (Figure 3.2).
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Figure 3.2 - Contrast-detail plot including 95% confidence intervals showing the
required contrast threshold (lesion signal intensity) needed for different lesion
sizes to achieve a d' of 2.5 for BT and DM. Note that for 0.2 mm lesions an extra
dose level is present for BT.

The results indicate that lesions 1 mm or larger have a higher visibility in in-
plane BT slices than in DM images, indicating that the effect of the
superimposed tissue is substantially reduced in BT. For these sizes the
contrast threshold is increasing with size. However, as seen in Figure 3.2, a
higher contrast threshold is required for the 0.2 mm lesions. These lesions
had a higher visibility in DM images, when compared at the same dose
level. The visibility was improved when the dose was doubled for BT,
indicating that the effect of quantum noise dominates over the effect of
projected anatomy for this lesion size.

3.3 Paper III: Visibility of microcalcification clusters and masses
in breast tomosynthesis image volumes and digital
mammography: a 4AFC human observer study

Paper III is a continuation of Paper II using the same basic 4AFC setup to
investigate the visibility of 3D distributed microcalcification clusters (15 x
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0.2 mm) and masses (8 mm) in dynamic presentations of BT image volumes
and in DM images. The same observers participated using the same clinical
images but now including 29 BT slices. The slices were presented
sequentially at a fixed frame rate at 5 fps. As an aid to the observer, cues
were given as 2D and 3D distributed signals and concentric circles. The
modalities were compared at approximately the same dose levels (i.e.
standard AGD of 0.8 mGy) (Figure 3.3). The BT volumes were also
compared at twice the dose. The required contrast threshold (at d' = 2.5) for
masses was approximately a factor two higher for DM images compared to
in BT image volumes at both dose levels. For the microcalcification clusters
the contrast threshold was higher for BT image volumes than for DM
images at both BT dose levels, with a statistically significant difference in
the required contrast threshold at the same dose level. The results indicated
a dose dependence for the detection performance in BT image volumes for
detection of microcalcification clusters.
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0

Mass Cluster

Figure 3.3 - Bar plot including 95% confidence intervals showing the required
contrast threshold (lesion signal intensity) needed for microcalcification clusters
and 8 mm masses to achieve a d' of 2.5 in BT image volumes and DM images.
Note that BT has two dose levels BT>s and BTz referring to the total number of
projection images that were used in the reconstruction.
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3.4 Paper IV: Breast tomosynthesis image volumes are read more
efficiently when displayed horizontally. A free-response study
combined with eye tracking

In Paper IV, four different viewing procedures and two presentation modes
were evaluated in terms of detection performance, time efficiency and visual
attention and search as part of improving BT reading conditions. The
viewing procedures consisted of free scroll volume browsing only, and
combined with initial cine loops at three different frame rates (9, 14 and 25
fps) terminated upon request. The presentation modes consisted of vertically
and horizontally displayed BT image volumes (Figure 3.4). Fifty-five
normal BT image volumes in MLO view were collected. In these, simulated
3D distributed lesions (20 masses and 20 microcalcification clusters) were
randomly inserted, creating four unique image sets for each viewing
procedure used in each presentation mode. Two radiologists and two
medical physicists interpreted the cases in a random order. Their task was to
locate a lesion, mark and assign a rating on a five level confidence scale.
The detection performance was analyzed using JAFROC. Time efficiency,
visual attention and search were investigated using eye tracking. In
summary, no statistically differences in detection performance (FOM of
0.75 to 0.86) were found for any reading conditions. Horizontally oriented
BT image volumes were read faster than vertically oriented when using free
scroll browsing only (median time of 25 s vs 30 s) and when combined with
fast cine loop (median time of 24 s vs 34 s). Cine loops at slow frame rates
were ruled out as inefficient. Finally, faster cine loops leads to shorter entry
times. More detailed results for each measure is presented in Paper I'V.

Figure 3.4 - Two presentation modes: vertically and horizontally.
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4 Discussion and conclusions

The main results of Paper II-III indicate that the visibility of lesions larger
than 1 mm is superior on BT compared with DM. The opposite is true for
the 0.2 mm lesions and microcalcification clusters, i.e. better visibility on
DM compared with BT at the same dose level. These results are in
accordance with the hypothesis that the effect of superimposed tissue is the
dominant image degrading factor for larger lesions, while system noise
dominates for smaller lesions (microcalcifications). As shown in Figure 3.2,
the positive slope in the contrast-detail plot for lesions above 1 mm predicts
that a higher contrast threshold is required as lesion size increases in both
BT and DM images. A substantially higher contrast threshold is needed for
the 0.2 mm lesions. These results are in accordance with previous studies
(Bochud et al., 1999; Burgess et al., 2001), which also showed that the
opposite applies to lesions inserted into homogeneous images with just
system noise. In that case the contrast-detail plot would have a negative
slope. The effect of superimposed tissue is reduced by the improved depth
resolution in BT (Reiser and Nishikawa, 2010). The system noise can be
reduced by increasing the dose. However, when a dose increase is
considered, the effects of improved image quality have to be weighed
against the potential harm of the increased radiation exposure.

Another factor influencing the detection of microcalcifications is the fact
that a cluster is distributed in several slices. Thus, frame rate and slice
thickness may play a role. The results in Paper IV indicate that a higher
frame rate and free scroll browsing may be superior to the fixed frame rate
used in Paper III. Possibly, the observer has an increased ability to integrate
3D distributed stimulus over time in a short term memory at a certain frame
rate.

Hybrid images were utilized in all studies, which may not completely reflect
the clinical situation. However, this has to be viewed in the perspective of
the difficulty of obtaining appropriate abnormal cases with known truth,
ethical considerations regarding radiation exposures and time-cost issues. It
is also difficult to find masses on the threshold of human perception. The
advantage of hybrid images is the possibility of making relative
comparisons with common hybrid images for all tested conditions. Further
advantages of using hybrid images are fully controlled conditions, with the
possibility to create any relevant realistic case. Using only two lesion types
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leads to lower variability of the cases but does not fully reflect the
morphologic spectrum of breast cancer.

A limitation of the used lesion simulation method is that it does not take into
account the X-ray spectrum or the detector signal spread other than the
aperture MTF. (The geometric properties of the simulation insertion method
were assumed to be similar to the effect of the MTF aperture.) Regarding
the contrast, a more realistic contrast threshold would be encountered if the
lesion would grow (expansion of the lesion profile) with the same
attenuation coefficient of the tissue rather than a relative increase in Au
depending on the Srms. For future projects, a more refined lesion simulation
method is desired, to mimic other lesion types.

The 4AFC task represents an experimental situation, not a true clinical
search based task. However, it can be used to predict performance in a more
clinically realistic search based task when taking into account the search
area and the observers’ inherent spatial imprecision to localize the lesions
(Bochud et al., 2004; Burgess et al., 2001). A limitation in Paper II was that
a single 0.2 mm microcalcification was viewed only in one slice (in-plane),
whereas microcalcification clusters are 3D distributed over several slices.
However, as investigated in Paper III, similar results were reached for the
microcalcification clusters under 3D viewing conditions. Paper III still has
the previously mentioned limitations of a 4AFC task regarding direct
clinical implication. In relation to a search-based free-response task, more
contrast would be needed to maintain a similar detection performance.
Furthermore, more contrast would be needed if the observers are not
provided with cues such as the size and shape of the lesions. In Paper IV,
the contrast of the lesions had to be increased to be detectable when
searching through entire BT image volumes. An estimated search factor
related to the required contrast was derived from a free search model
(Burgess et al., 2001) in breast images, indicating that about five times more
contrast is needed compared to a two-alternative forced-choice task for 8
mm lesions. For this particular detection task in BT image volumes, this
factor was increased to seven times for masses and five times for
microcalcification clusters. All images in Paper II and III are currently used
in projects involving model observers to objectively characterize influences
of BT imaging parameters.

All studies involved detection tasks solely, without assigning a probability

of malignancy. In a clinical situation, radiologists need to review the
images, recognize, interpret and make decisions, consequently affecting the
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outcome. Explanations of false negative findings due to search errors,
recognition errors, and decision errors were out of the scope. For these
reasons the results have to be confirmed in clinical populations.

In general, results from experimental studies are not immediately applicable
to the clinical situation. The superior detectability of lesions larger than 1
mm should result in a higher sensitivity of BT to detect breast cancer, which
is corroborated by some experimental clinical studies (Andersson et al.,
2008; Gur et al., 2009) but not by others (Gennaro et al., 2010; Svane et al.,
2011; Teertstra et al., 2010). Paper II and III showed worse detectability of
microcalcifications in BT compared with DM at identical dose levels.
However, the practical implications of these results have to be tested in large
scale clinical studies of symptomatic as well as asymptomatic women and
the efficacy in terms of sensitivity and specificity pairs, stage distribution,
and time-cost issues have to be assessed and compared with DM.

Regarding the differences in FOM between the reading conditions in Paper
IV, the study would require a substantial sample size to demonstrate
statistically significant differences, which would be both cost- and time-
consuming. Significant differences were not expected to be possible to
demonstrate due to a large sources of variance. Any existing difference in
FOM would probably be of minor importance from a clinical perspective
since the observers are viewing the same cases and are allowed to free scroll
during all conditions. Instead, the main focus was on time efficiency and
visual attention and search.

A horizontal presentation of BT image volumes substantially reduced the
total analysis time, in particular for free scroll browsing and combined with
fast cine loop speed. In that way, images are better aligned with the human
visual field, which has a wider extension horizontally than vertically (Banks
et al., 1991; Engel, 1977). Peripheral vision can thus be used more
efficiently to localize lesions in the BT image volumes, in particular for the
BT image volumes in the dynamic presentations where lesions abrupt onsets
are known to capture attention (Abrams and Christ, 2003; Franconeri and
Simons, 2003) and thus attract the observers’ gazes. Therefore, it should be
emphasized that the real benefit lies in viewing dynamic images rather than
stationary images like 2D mammograms. Performance and time efficiency
will most likely improve with observers more experienced in reading BT
image volumes horizontally.
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The constellation of the observers may also be discussed in Paper IV. Since
BT is a new modality, breast radiologists have not yet received thorough
experience in reading BT cases. The imaged object is not presented in the
same way as on a mammogram. These were the reasons along with practical
issues why observers with limited experience in reading mammograms and
BT image volumes were included. It has been shown that experienced
mammographers detect most breast lesions by global recognition within 25
s in mammograms, where less experienced observers take longer time and
that prolonged search increases the risk of error (Nodine et al., 2002). It
would be interesting to include experienced breast radiologists and also to
plot cumulative case decisions as function of time for all reading conditions.

The cine loop may provide a better and faster global overview of possible
suspicious regions, and could speed up the following free scroll browsing.
The observers spent surprisingly little time with the slow cine loop, and
instead carried on with free scroll browsing, perhaps in an effort to find the
relevant structures as quickly as possible. Relatively short time was also
spent in the cine loop at medium and fast cine loop speeds, but is in this case
possibly indicative of attracting quicker visual attention. The time spent in
the cine loop was about twice the time for the normal cases compared to the
abnormal cases. The observers were most likely biased due to higher lesion
prevalence than in a screening situation and that only one lesion was present
in the abnormal cases. In a screening situation the majority of the cases are
normal, and the total analyze time of these must be emphasized. However,
the normal cases were not truly read as in a screening situation, as
mentioned earlier. The intention is to proceed with an additional study based
on the most promising reading conditions.

The transition lengths were longer for masses than for microcalcification
clusters. Possibly, masses generate stronger transient onsets in dynamic
presentations, and therefore attract attention better. However, this could also
be since the microcalcification clusters require a different, more systematic
search strategy using shorter saccades. Regarding total dwell time and
transition lengths, no statistically significant differences between any
conditions were found. The results indicated that entry time was shorter
when utilizing the cine loop than in free scroll. Although if a faster frame
rate would be beneficial, it is still unclear when decisions are made. The
entry time for all conditions was short. The free scroll browsing procedure
was statistically significantly longer and it took more time to allocate the
microcalcification clusters compared to the masses. Regarding dispersion,
the data revealed no obvious correlation between dispersion and frame rate.
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Conclusions according to the objectives of the thesis:

o The effect of system noise on search-based detection of masses and
microcalcification clusters in DM images using a free-response task
(Paper I). Lowering the present dose level by a factor of two
compromised the detection of microcalcification clusters but had less
effect on mass detection. Therefore, caution should be exercised when
proposing dose reduction strategies.

o The required contrast threshold (at a fixed detection performance) for
different simulated lesion sizes based on the visibility in in-plane BT slices
and DM images (Paper II). Substantially higher contrast thresholds were
required in DM images to obtain the same level of detectability as in in-
plane BT slices for 1 mm lesions and larger. However, a higher contrast
threshold was needed in in-plane BT slices for the 0.2 mm lesion
compared with DM images. If twice the dose was used in BT instead, the
results suggest that a lower contrast threshold may be needed compared to
DM for the detection of the 0.2 mm lesions, although this finding was not
statistically significant.

o The visibility of 3D distributed masses and microcalcification clusters in
reconstructed BT image volumes and DM images (Paper III). The
visibility of the 8 mm mass was improved with BT image volumes when
compared with DM images at both BT dose levels, which indicates that
the effect of the superimposed anatomy is substantially reduced with BT.
A statistically significant difference was found between the dose levels for
the microcalcification clusters, suggesting that detection performance in
BT is hampered at the dose level used in DM but is not substantially
different when doubling the dose level.

e Evaluation on how BT image volumes can be read efficiently, using a free-
response study combined with eye tracking (Paper 1V). Four viewing
procedures and two presentation modes in BT image volumes have been
evaluated. Although not statistically significantly different in terms of
detection performance, the results indicate that viewing BT image
volumes horizontally is better when utilizing free scroll browsing only or
combined with a cine loop at fast frame rates. The overall impression,
was that all tested conditions were promising, except for reading BT
image volumes at slow frame rates (i.e. 9 fps).
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