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1. INTRODUCTION

Over the last ten years or so, many investigators have attempted seriously
to develop computerized schemes for automated detection and quantitative
analysis of abnormalities in radiologic images. These efforts have generally
been referred to as computer-aided diagnosis (CAD). It is believed that there
are several hundred institutions around the world which have been involved in
research and development of some aspects of CAD. These include both
academic institutions for basic studies and industrial organizations for
commercialization efforts. Most of these studies included computer modeling,
analysis of image features, development of algorithms and prototype systems,
observer performance studies, and clinical evaluations, which have been
carried out at many departments involving Diagnostic Radiology, Medical
Physics, Computer Sciences, and Electrical Engineering. My purpose in this
paper is to provide a brief overview of CAD which is related to chest radiography
and to discuss its potential impact on diagnostic radiology and medical physics.

2. BASIC CONCEPT OF COMPUTER-AIDED DIAGNOSIS

CAD may be defined as a diagnosis made by a radiologist who takes into
account the results of the computer output as a “second opinion.”[1-6] The
computer output is derived from quantitative analysis of radiologic diagnostic
images. It is important to note that the computer is used only as a tool to provide
additional information to clinicians, who will make the final decision as to the
diagnosis of a patient. Therefore, the basic concept of CAD is clearly different
from that of “automated diagnosis,” which had been investigated in the 1960s
and 1970s, as will be discussed later. )

The purpose of CAD is to improve the diagnostic accuracy and also the
consistency of radiologists’ image interpretation by using the computer output
as a guide. The computer output can be very helpful because a radiologist’s
diagnosis is made based on subjective judgment and because radiologists tend to
miss lesions such as lung nodules in chest radiographs, and microcalcifica-
tions and masses in mammegrams. In addition, variations in diagnosis, such
as inter-observer and intra-observer variation, can be large.

Usually, two types of general approaches are employed in computerized
schemes for CAD. One is to find the location of lesions such as lung nodules
in chest images by searching isolated abnormal patterns with a computer.
Another is to quantify the image features of normal and/or abnormal patterns
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such as lung textures related to interstitial infiltrates in chest images and
vessel sizes related to stenotic lesions in angiograms.

Computerized schemes for CAD generally include three basic
components which are based on three different technologies. The first
component is image processing for enhancement and extraction of lesions. It
is important to note that the image processing involved in CAD schemes is
aimed at facilitating that the computer, but not the human observer, picks up
the initial candidates of lesions and suspicious patterns. Various image-
processing techniques have been employed for different types of lesions. Some
of the commonly used techniques include filtering based on Fourier analysis,
wavelet transform, morphological filtering, the difference image technique,
and artificial neural networks (ANN). _

The second component is the quantitation of image features such as the
size, contrast, and shape of the candidates selected in the first step. It is
possible to define numerous features based on some mathematical formula that
may not be easily understood by the human observer. However, it is generally
useful to define, at least at the initial phase of CAD development, image
. features that have already been recognized and described subjectively by
radiologists. This is because radiologists’ knowledge is based on their
observations on numerous cases over the years, and their diagnostic accuracy
is generally very high and reliable. One of the most important factors in the
development of CAD schemes is to find unique features that can distinguish
reliably between a lesion and other, normal anatomic structures.

The third component is data processing for distinction between normal
and abnormal patterns, based on the features obtained in the second step. A
simple and common approach employed in this step is a rule-based method,
which may be established based on the understanding of lesions and other
normal patterns. Therefore, it is important to note that the rule-based method
may provide useful information to improve the CAD schemes. Other
techniques used include discriminant analysis, ANN, and the decision-tree
method. It is our experience that the combination of the rule-based method
with other methods such as ANN tends to produce the best results in terms of
high performance of CAD schemes.

Because the basic concept of CAD is broad and general, CAD is
applicable to all imaging modalities, including conventjonal projection
radiography, computed tomography (CT), magnetic resonance imaging (MRI),
ultrasound imaging, and nuclear medicine imaging. In addition,
computerized schemes for CAD can be developed for all kinds of examinations
on every part of the body, including the skull, chest, abdomen, bone, and
vascular system. However, the research subjects investigated for CAD in the
past have been relatively limited. The major focus on recent research subjects
has been in the field of mammography for early detection of breast cancer.
Many CAD schemes are related to detection and characterization of masses
and clustered microcalcifications in mammograms.[7-14] In chest
radiography [15-22], computerized schemes have been developed for detection of
lung nodules, interstitial infiltrates, cardiomegaly, and pneumothoraces.
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Computerized schemes in angiography [23-25} include the quantitative analysis
of stenotic lesions and the determination of pulsatile blood flow rates.

3. COMPUTERIZED SCHEME FOR DETECTION OF LUNG NODULES IN
CHEST RADIOGRAPHS

It is well known that radiologists may miss about 30% of lung nodules in
chest images. The cause of this oversight is believed to be the overlap with
normal anatomic structures, which tend to camouflage subtle lung nodules.
However, it has been reported that many of the missed nodules may be detected
retrospectively or by use of a double reading procedure. Therefore, it has been
assumed that the prompt given by the computer output indicating the potential
sites of nodules would improve the radiologists’ performance in detecting lung
nodules.

We have been developing a computerized scheme for automated
detection of lung nodules in PA chest images. The basic scheme for the major
steps is shown in Fig. 1. First, digital chest images or a digitized version of
conventional chest radiographs are subjected to two image-filtering operations
which are operated in parallel. One produces an enhanced image of nodules by
using a filter such as a matched filter, and the other provides a suppressed
image of nodules by using another filter such as a ring average filter. A
difference image is then obtained by subtraction of the suppressed image from
the enhanced image. The difference image contains strongly enhanced
nodules and strongly suppressed background, which is due to the removal of
the majority of the normal anatomic background structures, and therefore is
useful for identifying candidates of nodules. This difference image technique is
considered a generalization of edge enhancement techniques, and in fact the
difference image looks very similar to edge-enhanced images. If the two filters
are linear filters, then the two can be combined into one filter operation.
However, if a non-linear filter is applied, two filtering operations need to be
applied separately in parallel. The difference image technique is applicable to
computerized detection of isolated abnormal patterns such as
microcalcifications and masses in mammeograms.

The initial candidates of lung nodules are identified from relatively
round patterns with large pixel values in the difference image, which may
include nodules as well as normal structures such as ribs and pulmonary
vessels. Therefore, image features of these candidates are quantified in terms
of the size, contrast, and other parameters related to the shape of the
candidates. A rule-based method is then applied which removes some
candidates as false positives, when their features are matched to those of
normal anatomic structures such as end-on vessels, rib-rib crossings, rib-
vessel crossings, aggregates of vessels, and rib-clavicle crossings. Finally, the
ANN is applied for further removal of some false positives by training the ANN
by use of & number of image features on the remaining candidates.

Figure 2 shows a chest image with a lung nodule and the computer
output (arrow) indicating the correct detection of the nodule by our CAD
scheme. When we used our database of 100 chest images with lung nodules
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and 100 normal cases, the perfor-mance of our scheme provided 70% sensitivity
at a false positive rate of 1.7 per image. One of the important questions
concerning the basic concept of CAD is, “Can the radiologists’ performance be
improved if the computer output such as that in Fig. 2 is presented to them?” A
positive answer is clearly indicated in Figs. 3 and 4. Figure 3 shows ROC
curves for radiologists’ detection of nodules without and with the computer
output. It is apparent that radiologists’ performance in detecting lung nodules
is improved significantly by use of the computer cutput. Figure 4 shows Az
values for sixteen radioclogists, including chest radiologists, general
radiologists, and residents, without and with the computer cutput. It is evident
that all of the radiologists who participated in this study indicated an increase
in Ay values and thus benefited from the computer output. It should be noted
also that, without the computer output, the average Az value for residents was
lower than the average Az value for chest and general radiologists. However,
the average Agz value for residents with the computer output was comparable to
the average Az value for chest and general radiologists without the computer
output. This result seems to indicate that CAD can improve the accuracy and
consistency of radiologic diagnosis.

4. DISCUSSION

Although a considerable effort has been made to develop CAD schemes
in the past, CAD is still far from being in wide-spread routine clinical use in
various diagnostic examinations. The question then arises “What is needed for
CAD in the future?” At least three topics may be identified. First, clinical
applications for prospective studies with a prototype CAD system need to be
initiated. Second, the performance of CAD schemes needs to be improved in
" terms of the sensitivity in detecting lesions, the number of false positives, and
CPU time. Third; new research projects for CAD should be undertaken.

Some of the CAD schemes developed up to now appear to be ready for
initial clinical trials, because of the relatively high performance levels already
achieved by these schemes. At present, there are two areas that may be
identified for potential clinical applications of CAD schemes. One of these
includes mass screening programs such as mammography in the United
States and some countries in Europe, and also chest radiography in Japan and
some other countries. Because the majority of cases in mass screening
examinations are normals and because it is difficult for radiologists to
maintain high alertness at all times, the computer output indicating potential
sites of lesions would be helpful. The second area for the potential clinical
application of CAD schemes includes the existing digital imaging systems
such as computed radiography (CR), digital subtraction angiography (DSA),
CT, and MRI. Once a proper CAD algorithm has been developed, it would be
relatively straightforward to implement the algorithm, which will result in
added value to the existing digital system.

The performance of the current CAD schemes needs to be improved
further. It may be useful to have some target levels for improved algorithms, at
least for the near future. The sensitivity in detecting lesions by computer
should be comparable to or greater than that by radiclogists, which would be in
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the range of 70-90%. It should be noted that the computer’s sensitivity does not
have to be substantially greater than the radiologists’ sensitivity. This is
because the benefit of CAD is largely due to the difference in performance
between radiologists and the computer. In some cases, radiologists may be
correct and the computer may be incorrect. However, in other cases, the
computer may be correct and the radiologist may be incorrect. In such cases,
the radiologist may be able to correct his/her initial mistakes by observing the
correct computer output, thus improving the radiologist’s performance.

The number of false positives should be as low as possible. One useful
target level for the number of false positives for CAD schemes is less than one
per image. The majority of current CAD schemes include, on average, more
than one false positive per image. This implies that, on average, all of the
images subjected to computer analysis contain at least one false positive, which
can be disturbing to some radiologists, particularly when they read many
normal cases in a screening examination. Of course, if the average number of
false positives per image is less than one, some images are expected to have no
false positives.

The CPU time required for CAD algorithms needs to be as short as
possible. However, many of the computer algorithms do not need to run on a
real-time basis, because interpretations of radiologic images by radiologists are
not commonly made immediately after the image acquisition following
radiological examinations, and thus there usually is adequate time to run the
CAD algorithm and to obtain the computer output prior to the reading of the
image. This situation is generally applicable to screening programs. It is
desirable, however, for the CPU time to be short enough so that the computer
program can be run on a new case which may be required to provide a
diagnosis immediately after the image becames available to the radiologist. If
the CPU time is less than 10 seconds, the computer program for CAD can be
used on a real-time basis for many routine clinical situations, at least in the
initial phase of CAD applications.

For those investigators who may wish to do research in CAD, it would be
useful to identify some areas for new research subjects. One is to investigate
CAD schemes for detection and characterization of lesions that have not been
investigated before. There are numerous kinds of known abnormalities which
have been subjected to radiologists’ image interpretations, and CAD schemes
for these abnormalities may be useful to radiologists. Only a small fraction of
abnormal patterns in radiologic images have been studied for CAD schemes so
far. Another important area for CAD research is the understanding of normal
patterns. Previous studies have largely been focused on specific abnormal
patterns such as lung nodules and mammographic masses. The
understanding of normal anatomic patterns in chest radiographs and
mammograms would be very helpful in improving the overall performance of
CAD schemes by eliminating some false positives, for example. Another area
for new research is the application of CAD to 3D images. At present,
considerable effort is focused on the visualization of 3D images by use of CT
image data, which would assist radiologists in the search for abnormalities.
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However, radiologists would be benefited more if the computer could find subtle
lesions such as polyps in 3D images of the colon.

Although the goal of current CAD research is generally to develop
algorithms and prototype systems that will achieve relatively simplified and
limited tasks, it is probably mere important to have a long-range target to
establish a new field of imaging science that is based on a technical
understanding of the contents of medical images. In essence, the major task
for this new field of medical imaging science is to translate the knowledge of
image interpretation accumulated in the radiologists’ brains into concepts and
terminologies that are understandable by physicists, computer scientists, and
engineers. Therefore, it is absolutely necessary to have close collaboration
between radiologists and physicists.

However, one should not underestimate the very difficult task of
understanding the contents of medical images in physical and technical terms.
There are many imaging modalities, many different body parts to be examined,
many different types of abnormalities and their variations, as well as variations
in normal patterns. Theoretically, when the contents of medical images as
well as the highly sophisticated information-processing steps that occur in
radiologists’ brains are understood from a technical standpoint, it will be
possible to develop algorithms that can perform detection and recognition tasks
at a level comparable fo that which radiologists can achieve. In practice, it is
likely to take a very long time to understand most of the complex processes
involved in radiologists’ image interpretation tasks because, even for a given
single image, it is common for a radiologist to perform multiple, parallel
operations in the detection, recognition, and classification of many different
kinds of abnormalities.

An interesting and commonly asked question is, “Can computer vision,
as represented by CAD schemes, perform better than human vision?” Before
we attempt to answer this question, it may be useful to consider the differences
between human vision and computer vision, and also to review some historical
background related to the development of CAD schemes. First, we must
recognize that computer vision is still in a very early stage of development.
However, the capability of human vision as applied to radiologists’
interpretation of images is at a highly sophisticated level. Despite all-too-
common misses of lesions such as lung nodules in chest images, the overall
capability of radiologists in image interpretation is far beyond what current
CAD schemes will be able to accomplish in the foreseeable future. It may be a
very long time before the computer can challenge human vision in a broad
variety of realistic tasks. Near-term success seems much more likely in
specific tasks with narrowly focused goals, such as the detection of
mammographic microcalcifications by use of computers, to assist radiologists
in ways that compensate for their weaknesses as human observers.

Second, we must not forget that there were some attempts in the 1960s
and 1970s to develop computer vision for “automated diagnosis” in radiology.
These early attempts were not successful, probably in part because computers
then in use were not as powerful as those used today, because imaging science
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wasg in an earlier phase, and because digital images were not commonly
available. However, it seems that a more serious flaw in these early attempts
was the unrealistic expectation of higher performance from computer vision
than from human vision. Investigators appear to have assumed and believed
that machines and computers would be better than human observers and,
therefore, that radiologic diagnoses could be made by computers in place of
human beings. :

Because of the unfortunate historical failure of early computer-vision
approaches, there is still a strong and perhaps irrational negative bias among
some experienced radioclogists, and even among some computer scientists,
against current research on computerized analysis of radiographic images.
Current research has a more modest goal which is to provide computer output
that will assist, rather than replace, radiologists by offering a “second opinion.”
This is an important lesson. Extreme views on CAD -- either too critical or too
optimistic -- may impede the successful development of CAD schemes. We
should not underestimate the complexity and difficulty of computer-vision
research. We must be cautious to avoid making another mistake in
formulating strategies for computer vision in diagnostic radiology. In the long
run, it may be possible to develop a computer algorithm that will allow
automated screening of diagnoses. However, it would be prudent at present to
demonstrate convincingly and unquestionably that some limited applications of
computer vision can be practical and useful in clinical practice by helping
radiologists to improve their overall diagnostic performance. Once such a solid
foundation has been established, a wider range of computer-vision approaches
can be explored in an attempt to exceed the capabilities of human vision.

5. CONCLUSION

It is expected that CAD will have a major impact on diagnostic radiology
in the near future. However, it is necessary to improve the performance of
current CAD schemes further. In the long run, it may be desirable to establish
a new science related to a technical understanding of the contents of radiologic
images and also to radiologists’ image interpretation process in diagnostic
radiology.
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The purpose of this work is to evaluate our computer-aided diagnosis (CAD)
system for mammograms by using some large databases consisting of more than
2,000 cases of Japanese women, which were obtained from a cancer center hospital
and a breast screening program in Japan. The system performance for two datasets
from the hospital (all outpatients' mammograms during two one-month periods)
was 91% (80%) true-positive rate for detection of clustered microcalcifications
(masses) with 0.7 (1.0) false-positive (FP) findings per image. An initial result for the
screening image data indicated 88% of cancer detection but with FPs of 0.7/image
for clustered microcalcifications and 1.6/image for masses; the slightly higher value
of FPs for masses was considered to be due to the use of different data for the system
tuning. These preliminary results imply that our CAD system may be effective in a
clinical site for reading mammograms. Furthermore, an initial promising result in a
CAD system for screening 3-D breast ultrasonograms is described.

Key words: CAD, Breast cancer, Mass screening,' Mammography, Ultrasonogram
1. INTRODUCTION

The incidence of breast cancer has been increasing in Japan, and it is said that this
cancer may become the first mortality in women by the year 2000. Some decades
~ ago, mass screening for breast cancer was conducted in only a few hospitals, but
today it is nationwide. In Japan, however, mass screening for breast cancer basically
consisted of physical examination of the breasts and the regional lymph nodes. Since
1987, several research groups, as one of the cancer research projects sponsored by the
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Ministry of Health and Welfare in Japanese government, have been working on
breast cancer screening [1], recently on the necessity and introduction of
mammography [2-4]. Based on the recent Ohuchi's group research [4], Japan
Association of Breast Cancer Screening has proposed a guideline on breast cancer
screening system with mammography: physical examination combined with
mammography every two years for women aged over 50 and only physical
examination every year for women aged 40-49. This proposal will be officially
accepted by the spring in 2000. However, the number of physicians for reading
mammograms will be definitely insufficient, and one of the solutions is to develop a
computer-aided diagnosis system for mammography.

We have been developing a computer-aided diagnosis system (CAD) for the
detection of masses and clustered microcalcifications on digitized mammograms [5-
15]. It is considered that the CAD analysis may not be easier because Japanese
women's breasts are typically dense. A CAD system for breast cancer detection on
ultrasonograms used in a mass screening program has been also developed [16,17].
Thousands of cases have been examined by our systems. ,

The purpose of this work is to evaluate our CAD system on mammograms by
using over 2,000 cases of Japanese women and to discuss the potential utilities of the
CAD in clinical situations. Two "one-month" cases from a hospital and two
thousands cases of screening mammograms from an annual mass screening program
were employed to estimate our system performance. An initial result in a CAD
system for breast ultrasonograms is also described.

2. A CAD SYSTEM FOR MAMMOGRAPHY

2.1 Our CAD system for mammography

The CAD system consists of a laser scanner (Konica LD5500), a workstation (Sun
Ultra-1 170E} with a color CRT monitor (app. 1k x 1k pixels), an 18GB hard drive,
and a high-brightness B/W monitor {app.2k x 2.5k). All mammograms were
digitized at a 100- or 50-micron pixel size, 12-bit grey level and optical density range
from 0.0 to 4:0. Then, the detection and analysis programs were run to detect the
masses and clustered microcalcifications, based on the methods of adaptive
thresholding technique {5,6,10-12] and tripple-ring filter analysis in density gradient
[5,7-9,13], respectively, and to analyze these candidates in terms of malignancy.

2.2 Image databases

The mammograms which were collected, digitized and analyzed for our CAD
experiments are as follows:

1) all outpatients' mammograms (MLO and CC views) taken at Aichi Cancer
Center Hospital during two one-month periods: the month of July, 1996 (230 cases
consisting of 922 images: Dataset A) and the month of April, 1997 (240 cases
consisting of 862 images: Dataset B). Datasets A and B include 23 and 26 malignant
cases, respectively.

2) screening mammograms (MLO view only) taken in 59 municipalities in Miyagi
Prefecture as a mass screening program. The screening for about 7,000 women per
year, aged over 40, has been carried out with a physical examination combined with.
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mammography. About 0.2% was found as malignant cases each year. Mammograms
of a single MLO view of each breast were obtained using the mobile mammography
unit in the bus, in which all equipments were included such as an x-ray generator
and an automatic developer. The mammographic findings were classified into 5
categories based on malignant potential from class I to V: class I as no finding, I as
benign, III as benign but malignancy not ruled out, IV as malignancy suspected, and
V as malignancy. There are two datasets. Dataset C consists of about 980 cases with
12 malignant cases, which were taken in April,'96 to March,'97. Dataset D consists of
about 870 cases with 10 malignant cases, which were taken in April,'97 to March,'98
for the cases diagnosed as classes of III-V and in April,'97 to July,'98 for the cases
diagnosed as normal (class of 1 or II). If the patient was diagnosed as one of the
classes of III-V, another mammograms of CC view were taken, and physical and
echo exams were performed at the same place. Then the hospital for detail exams
was introduced to the patient. Applicants usually take this screening every two
years.

2.3 Performance result '

The datasets A and B were firstly analyzed by our another dataset of 150 cases of
MLO-view mammograms which were obtained previously from the same hospital;
some differences such as film maker and development condition are involed in this
procedure. Table 1 shows the detection performance for these datasets. Table 2
indicates the adjusted result of the performance by modifying the some parameters
of the detection algorithms because of relatively large number of false positives (FPs)
per image in mass detection in both datasets and low true-positive (TP) rate for mass
case in the dataset of B. After this parameter tuning, the true-negative {TN) rate was
also improved. We have recently started for studying the CAD performance by using
the parameters obtained in this experiment for all outpatients' mammograms at the
same hospital. The system performance in average was 91% (80%) true-positive rate
for detection of clustered microcalcifications {masses) with 0.7 (1.0) false-positive
findings per image.

The datasets C and D were analyzed with the turned parameters of the datasets A
and B described above. The results of detection performance for datasets C and D are
shown in Table 3. TP[B+M] and TP[M] stand for the true-positive rates including
both of benign and malignant lesions as "true positive” and that including only
malignant lesion, respectively. This initial result for the screening image data
indicates 88% of cancer detection but with FPs (0.7/image for clustered
microcalcifications and 1.6/image for masses); the slightly higher value of FPs for
masses is considered to be due to the use of different data for the system tuning.
Three cancers missed were those of a cluster with low-contrast microcalcifications, a
low-contrast mass, and an irregular shape mass.

3. A CAD SYSTEM FOR BREAST ULTRASONOGRAMS

A breast mass scteening by using cross-sectional ultrasonograms has started in
Osaka city in Japan since 1988 (and also in some other cities) and a good
performance in the diagnosis has been shown. However, numerous cross-sectional
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Table 1 Detection performances for datasets of
A and B from outpatients’ mammograms.

Dataset TP FP/image TN
A CMC 87% 0.5 74%
Mass 9% 2.0 15%

B CMC 96% 1.5 34%
Mass 67% 1.8 ° 16%

Table 2 Detection performances for datasets of
A and B from outpatients’ mammograms
(after the self-turning of parameters).

Dataset TP FP/image TN
A CMC 86% 0.5 74%
Mass 83% 1.0 43%

B CMC 95% 0.9 51%
Mass 77% 0.9 45%

Table 3 Detection performances for datasets of Cand D
from screening mammograms.

Dataset TP [B+M] TP {M] FP/image TN
CMC 27/39(69%) 6/6(100%) 0.9 59%
Mass 65/98 (66%) 7/8(88%) 1.6 15%
CMC 22/27(81%) 2/3(67%) 0.6 68%
Mass 37/49(75%) 6/7 (86%) 1.6 - 18%

C

images have to be interpreted by physicians. Therefore, the development of CAD
system is required to reduce the false-negative case in the screening.

The overview of our ultrasonogram CAD system is described below [16,17].

The ultrasonograms for each breast include 51 sections. The developed CAD system
consists of the following four procedures.

(1) Detection: Tumor candidates are detected by using an active contour model. Qur
method includes the technique to unify the control points and to produce the first
contours with its skeleton functions on density gradient vectors. The distribution of
the skeleton function is determined by voting a count from gradient vectors.

(2) False-positive elimination: The false-positive candidates are eliminated by using
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shape features including the circularity and the area of candidates.

(3) Classification: The candidates are classified by some texture features including
the angular second moment, the contrast, the correlation and the entropy, which are
obtained from gray-level co-occurrence matrix.

(4) Annotated image display: 3D image constructed from sectional images is
displayed to indicate the detection points in the 3D view.

As an initial performance study, we employed 9 cases (459 images). The TP rate to
detect tumors was approximately 78% with about four FP candidates per
"constructed 3D" breast, in which difficult cases such as a moderate attenuation of
posterior echo were detected correctly. We are now developing the classification
method of the detected masses.

4, SUMMARY

The system performances for the outpatient databease and screening database for
mammograms were obtained, which show a promising result. It is expected that we
will be able to better optimize the CAD performance because we used the
parameters tuned by the different database for the screening database. These
preliminary results imply that our CAD system may be effective in a clinical site for
assisting the reading of mammograms. Moreover, the performance result for our
ultrasonogram CAD system is promising although the number of image data was
not so much.
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