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Abstract

The objective of this study was to explore and document the diagnostic utility of digital
stereo mammography for the detection of localized breast cancer in women. In it we character-
ized the ability of experienced mammographers, general radiologists, and non-radiologists to
detect three types of tumor masses embedded within a heterogeneous background of normal tis-
sue elements in numerically simulated digital mammograms. The simulated mammograms were
displayed to the subjects on a high resolution video display, both in stereo mode and in mono
mode. Half of the mammograms contained a single tumor, ranging from 0.3 to 0.8 cm in maxi-
mal diameter. Each reader rated 120 images (60 in stereo and 60 in mono) as to the probability
of abnormality on scale of 1-5. Observer responses were evaluated using receiver operating
characteristic (ROC) analysis to characterize any difference in diagnostic performance between
the two viewing modes. The synthesized mammograms and the digital display were highly rated
by the participant radiologists as promising tools for future research. The results of ROC
analysis, however, indicated no significant difference in tumor detection when the same readers
utilized the stereo mode versus the mono mode (A, mono = 0.833 versus, A, stereo = 0.826).
The results were similar for readers of all 3 experience levels--mammographers, general radiolo-

gists, and non-radiologists.

Introduction

The major role for mammography is the early detection of breast cancer in asymptomatic
women. Breast cancer is now projected to affect one woman in nine,1 accounting for 32% of
incident cancers.! Prior to metastatic spread, breast cancer is a regional disease which can often
be cured by surgery or radiation. After metastatic spread, however, it becomes a generalized
disease that is resistant to aggressive regimens of chemotherapy. The probability of metastasis is
directly related to the size of the primary lesion.? Hence, a highly effective means to diminish

breast cancer mortality is earlier diagnosis.?

Stereo perception, or stereopsis, refers to the impression of visual depth created by binocu-
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lar parallax or disparity in the images cast upon the right and left retinas.* The two dissimilar
images are fused in the visual centers of the brain to give a three dimensional appreciation of
depth. The fact that we can see well with one eye indicates that monocular cues such as linear
perspective, occultation, shading, shadow, and texture can also provide a sense of depth.>%:7
However, in the domain of x-ray imaging, radiologists have few or minimal monocular depth
cues. In mammography in particular, the observer may not know the exact shape or form of the
tumor being searched for. In this case binocular stereo vision may be of great benefit in depth
perception; because it provides the most powerful depth cue for scenes viewed close at hand,
which can function independently of the recognition of objects.® Stafford Warren in 1930 was
the first to report the use of a stereoscopic technique for breast radiography in 119 patients, who
then underwent surgery. He stated, "In many of the cases, there was no uniformity of opinion in
the preoperative clinical diagnosis.... the opinion from the mammogram, on the other hand, was
often very definite and most frequently correct." Technical difficulties and high radiation dose
requirements of the day, however, dampened enthusiasm for stereo techniques in mammogra-
phy. Recent improvements in the technology of radiologic detectors, computers, and video
displays”!® have made realistic high quality three dimensional x-ray imaging possible. More-
over, in non-medical applications stereoscopic displays have been shown to provide significant
improvements, not only in seeing where things are, but also in seeing what things are, especially
in an unfamiliar or complex scenes. Makee, Levi and Bowne have suggested the stereopsis is
especially useful to break camouflage. Nakayama, Shimojo and Silverman showed that stereos-
copic depth plays an important role in delineating and linking parts of an object that is partially
occluded by other objects, would be the case for early breast cancers embedded in a matrix of
normal parenchyma. Accordingly, we conducted a study to explore the impact of stereo viewing

upon diagnostic performance of trained readers, faced with the task of breast cancer detection.
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Material and Methods

Overview

To systematically investigate the effectiveness of stereo viewing for the detection of abnor-
malities, we developed novel software!! that creates high resolution, virtual digital mammo-
grams from a computational models of the human breast that include branched lobulated ducts
and suspensory ligaments, embedded in fatty subcutaneous tissue (Figure 1). They may also
include any of three types of computer simulated tumors (fibroadenomas, invasive ductal carci-
nomas, and intraductal carcinomas (Figure 2). Virtual mammograms are generated by computing
x-ray transmission through a mathematically defined, three dimensional tissue space according
to Beer’s Law, using fast ray-tracing algorithm (Figure 3). The advantages of working with
computer generated images, rather than actual clinical radiographs, are that (1) the true normal /
abnormal state of the images is known exactly, because the abnormalities are deliberately
created and mathematically defined; (2) the size distribution of possible tumors is unlimited, and
the nature, background, and context of the abnormalities can be systematically varied to deter-
mine under what circumstances perception and diagnostic performance are most and least
influenced by particular display techniques; (3) the cost of obtaining images for analysis (at any
desired resolution prior to display) is minimal; (4) for many psychophysical experiments, the
complete clinical process of image acquisition, display, and interpretation can be simulated at a
computer-based work station for efficient, objective data collection and analysis; and (5) the fun-
damental questions regarding the various digital radiographic techniques as aids to human per-
ception and diagnostic performance can be answered qualitatively without exposing human sub-

jects to additional radiation.

Video Display
To display the synthesized mammograms in either stereo mode or mono mode, we used a
SPARCstation 20 with a 20 inch video monitor having 1,280 dots horizontally and 1024 lines

vertically (Sun Microsystems, Inc. Mountain View, CA). The monitor is synchronized to time
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gated liquid crystal (LCD) eyeglasses (StereoGraphics, San Rafael, CA) that alternately present
the right stereo image to the right eye and the left stereo image to the left eye at a rate up to 120
times/sec (Figure 5). The system is equipped with a ZX graphics accelerator, which uses dual
video frame buffers to display alternately the right and left images to the screen at a refresh rate
of 1/56 second/image. When the LCD lenses are activated via an infrared signal, they become
opaque within approximately 5 msec. For one video frame the right eye sees the right-sided
image (the left eye vision being blocked by the opaque lens). For the next video frame, the right
eye vision is blocked and the left eye sees the left sided image. This display technology permits

comfortable viewing of stereo pairs without special training or other apparatus.

Subjects and experimental design

A total of 18 readers participated in the experiment: 5 experienced mammographers, 6 gen-
eral radiologists, and 7 non-radiologists (the authors, and their graduate students). Each reader
participated in two one hour sessions. Each session included 60 images; 30 were displayed in
stereo and 30 were displayed in mono. The experiment was designed in UNIX/XWINDOWS
environment in a fully automated manner, and the reader’s only interaction was through the
computer mouse. The reader always wore LCD eyeglasses, and the glasses were switched on
during both stereo and mono viewing to maintain constant image brightness across conditions.
An introduction to the experiment and instructions for responding examples were presented on
the screen, including training images that gave examples of the different types of abnormalities.
Every training image was displayed first in the mono mode and then in the stereo mode, and then
the tumor was highlighted. These training images served to acquaint the reader with the visual
display and the nature of abnormalities to be identified in a given session. The reader could
spend as much time as needed to scroll back and forth among the training images. At the end of

the training session the reader was automatically instructed to start the experiment.

A total of 120 synthesized images was generated, including 60 mono images, and 60 stereo
pairs. Half of the images contained a single tumor, either a fibroadenoma, an invasive ductal

carcinoma, or an intraductal carcinoma. Methods of creating tumor models and the details of
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tumor composition and geometry have been described previously. The tumors ranged between

0.3 and 1.0 cm in maximal diameter.

The images were presented in two sessions, separated by a rest period. Each session con-
tained 60 images, 15 normal and mono, 15 abnormal and mono, 15 normal and stereo, and 15
abnormal and stereo. The results from the two sessions were combined before ROC analysis. In
one session the stereo images were displayed first, followed by the mono images; while in the
second session the mono images were displayed first followed by the stereo images. The order of
viewing the two sessions was picked randomly for each reader to eliminate any training bias.

The time limit was set to one minute per image to simulate the time pressure of clinical practice.

Standard 5-response format for ROC studies!? was utilized: for each image the reader was

instructed to use the mouse to select one of the following ratings.
/ 1--Normal / 2--Probably Normal / 3--Not Sure / 4--Probably Abnormal / 5--Abnormal /

The rating scale was displayed as long as the reader viewed the image. Once the reader selected
a rating, an on-screen feedback message was displayed to inform the reader whether the previous
image was normal or abnormal. Such feedback is a standard element in psychophysical experi-
ments; without feedback, subjects’ prior experiences, which are not under the experimenter’s
control, may have an effect on the experiment.!3 Readers were informed at the beginning that

approximately half of the images in each session were abnormal.

Data Analysis

Receiver operating characteristic (ROC) analysis has been accepted as the most rigorous
and objective means of comparing diagnostic imaging modalities in radiology.!41%15 In
mammography-related research, ROC analysis has been used to characterize the accuracy of
mammography, 16 and to compare the performance of mammography and palpation. I7ROC
analysis has also been utilized in a study on the effect of attention-cueing on breast cancer detec-

tion pf:rformance.lg’19 The ROC curve is a plot of the true positive fraction of readings or "'hit

rate" as a function of the false positive fraction of readings or ''false alarm rate'. In the present




STEREOC MAMMOGRAPHY  Elabbady et al. 7

study true positive and false positive fractions were derived from 5-response rating data as
described by Swets and Pickett!> and by Metz12 on the basis of a simple response threshold
model. According to this conceptual model, a radiologist or an observer decides to render a
positive or negative diagnosis by comparing his or her confidence concerning each image with
an internal decision criterion, which can vary among observers. If confidence in a positive diag-
nosis exceeds this decision criterion, the image is read as positive and vice versa. More stringent
decision criteria lead to lower false positive fractions, and less stringent criteria lead to higher
false positive fractions. The advantage of ROC analysis is that one can compare diagnostic per-
formance of observers studying two displays, regardless of differences in individual decision cri-
teria by plotting the entire ROC curve over a range of false positive fractions. If for the same
observers, the curve for the new technology lies above the curve for the conventional technol-
ogy, there is objective evidence that the new technology permits a greater fraction of correct
diagnosis, regardless of variability in observers’ bias for or against making a false positive diag-

nosis,

To obtain estimates of smooth ROC functions, two adjustable parameters of binormal ROC
curves were fit to experimental data using a maximum likelihood parameter estimation
scheme. 13 Next, the A, index, which represents the area under the binormal ROC curve in the
unit square, was computed to describe the overall diagnostic performance of the group of
observers for stereo vs. mono viewing formats. This index is a commonly used summary of the
diagnostic accuracy of an imaging system. Paired t statistics were computed to test the null
hypothesis that mean A, for stereo images is the same as mean A, for mono images. To minim-
ize occurrences of degenerate data sets, readers were instructed at the beginning of the experi-

ment to use all categories and to distribute their responses uniformly over the rating scale,20:21

Results

Fifteen of 18 readers completed both one hour sessions, and 3 of the 18 did one session
only. Table I, lists the A, indices and the corresponding standard errors for both the stereo and

mono sessions. The A, index values for the three observer groups (mammographers, general
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radiologists, non-radiologists) were not statistically different. Figures 5 through 8 show the
complete ROC curveé for groups of experienced mammographers, general radiologists, non-
radiologists, and the combined performance for all 18 readers. The shapes of the composite
ROC curves are typical for a visual detection experiment in radiology,2%2! indicating that an
appropriate perceptual task was required of the readers, neither too trivial nor too difficult.
There was no significant difference in ROC curve parameters between the stereo and mono

modes for any of the three subgroups of readers or for all readers combined.

Subjectively, in response to follow-up questionnaires, the radiologists had no preference
between stereo and mono displays. The computational models and digital displays were favor-
ably rated by radiologists, who encouraged use of such tools in future research. Four of 18
readers, however, did report eye strain during stereo viewing, most likely as a result of a depar-
ture from the habitual accommodation/ convergence relationship.22 The eyes are focused on, or
accommodate for, the plane of the screen, but are converged in accordance with the value and
sign of the screen parallax. Only when screen parallax is zero will accommodation and conver-
gence correlate normally. Departures from the normal accommodation/convergence relation-
ships can be minimized by on-screen horizontal translation of the stereo pairs to shift the zero
parallax point to the plane of the screen.?2 In these modified displays half the depth of the mam-
mogram appears in front of the screen and half the depth of the mammogram appears behind it.

In preliminary tests this adjustment reduced eye strain for the four readers who complained of it.

Discussion

In theory, stereo displays offer potential advantages for target recognition in complex
scenes and in breaking camouflage. In the present study we utilized complex, computer simu-
lated images mimicing clinical mammograms to test the diagnostic utility of stereo displays for
early breast cancer detection. The study focused on the relative, rather than the absolute detecta-
bilities of abnormalities using the two viewing modes. Objectively, there was no difference in
over-all observer performance by ROC analysis. Thus, the enhancement of depth information

provided by stereo, however, did not appear to improve the ability of observers to detect
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spherical, irregular, or linear tumor-like abnormalities 0.3 to 1.0 cm in maximal dimension,
embedded in a 6 cm thick matrix of glandular elements and fat lobules. We conclude that tumor

features revealed be stereopsis are not especially important for early breast cancer detection.
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Table I: ROC curve areas, A,, with their standard deviations for the three groups of readers

(mammographers, general radiologists, and non-radiologists) and the combined data.

Mono A,
SD
Stereo A,

SD

Mammographers

0.869
0.022
0.878
0.03

General
Radiologists

0.837
0.022
0.821
0.026

Non-
Radiologists

0.778
0.030
0.789
0.028

All Subjects

0.833
0.014
0.826
0.014
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Intersection points

, Y, Image Plane

/

F‘_.( 6} 3 . Fégh Approach to ray tracing for simulated x-rays. Rays are tested for intersection with a
list of spherical primitives. Intersection points are calculated and sorted. Primitives
appearing later in the list overwrite primitives appearing earlier in the list. Attenuation of
the ray intensity is computed by Beer’s lay form the final sorted list of intersection points
and the linear attenuation coefficients of corresponding primitives.
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