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Early Success of X-Ray Generation in Japanese Meiji Age.

Kazuo INAMOTO, M.D.

Dept. Medical Physics,

School of Allied Health Sciences,

Faculty of Medicine, Osaka University

1-20 Machikaneyama-cho,

Toyonaka, 560 Osaka

Japan

X-ray was detected by W. C. Roentgen on November 8, 1895. X-ray detection was first introduced

at the Berlin Society of Physics in Cerebration of the 50th Anniversary. Japanese physicist, Dr. H. Nagaoka

was present at that meeting and watched the first X-ray picture of the human hand. According to his

report, two groups achieved a great success in February to March 1896. One group was Dr. K. Yamakawa

and Mr. K. Tsuruta, and another one was Mr. T. Mizuno in Tokyo.

Early Successes in two months showed Japanese ability and activity shortly after the changing from

the feudral to the modern age by Japanese “Meiji Revolution”.
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Fig.1 Mr. T. Mizuno’s paper “Great Discovety of Dr. Roentgen™, in Japanese scientific journal “Toyo Gakugei
Zasshi” No.174, on March 25, 1896. The radiograph of hand (right page) was sent from Dr.H.Nagaoka. It is

the first X-ray picture in Japan.
(Kansai University Library, Osaka)
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Fig. 2 Mr. T. Mizuno took a X-ray photograph of
knives. It is the first result of X-ray experiment
in Japan, appeared in Japanese scientific journal,
“Tokyo Butsuri Gakko Zasshi” No.53, April 8,
1896.
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Fig.3 Dr. K. Yamakawa and Mr. K. Tsuruta
succeeded in generating X-ray. The picture
(illustration) was shown on Japanese newspaper
“Jiji Shinpou™ on April 12.

(Kyoto University Library)
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Review Article

Evaluation of Radiologic Imaging Systems by ROC Analysis

Charles E. Metz, Ph.D.

Professor of Radiology

The University of Chicago

Chicago, IL 60637

(Received July 12, 1995)

Introduction

Fryback and Thornbury' have pointed out that
the efficacy (or effectiveness) of a radiologic procedure
can be assessed at any of six levels that range from
technical reproducibility to societal impact. Efficacy
at the higher levels usually is of greatest interest,
but lower-level efficacy is almost always easier to
measure.

The second level of efficacy. which is called
“diagnostic accuracy,” represents the extent to which
radiologists’ (or physicians’) image-based diagnoses
agree with patients’ actual states of health or disease.
Receiver operating characteristic (ROC) analysis is
now recognized as the best approach for evaluating
diagnostic accuracy,” primarily because it separates
differences in discrimination capacity from differences
that are only due to “decision-threshold” effects. In

some situations, efficacy at higher levels can be

Vol.12 No.3 (1995)

estimated from the results of an ROC analysis by
use of collateral data and appropriate assumptions.

The purposes of this paper are to indicate the
six levels at which efficacy can be evaluated and
to describe several recent developments in ROC
methodology. The basic principles of ROC analysis

have been discussed elsewhere.™®

The six levels of diagnostic efficacy

A diagnostic test has value only if it is effective
in some sense. Strictly, the “efficacy” of a diagnostic
test indicates the value of the test when it is performed
and utilized under ideal conditions, whereas the
“effectiveness” of a diagnostic test indicates the test’s
value under typical or routine conditions. However,
many of the same issues arise in efficacy and
effectiveness, so we use the word “efficacy” broadly

in this paper to indicate both concepts.
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“Value” can be defined and thought of in many
ways, so every meaningful analysis of diagnostic
efficacy must include a clear indication of the sense
in which value is to be measured. A conceptually
useful model that unites the various ways in which
efficacy can be defined and measured was formulated
in the early 1980s by Scientific Committee #69 of
the National Council on Radiation Protection and
Measurements.! This model views the efficacy of
a diagnostic test in terms of hierarchical levels that
range from the test’s technical behavior to its overall
impact on society. Efficacy at the model's higher
levels usually is of greatest direct interest, but lower-
level efficacy is almost always easier to measure
reliably. Fortunately, efficacy at the higher levels
sometimes can be estimated from measurements at
lower levels by use of collateral data and appropriate
assumptions.

The model’s six levels of efficacy are:

(1) Technical Efficacy. At this lowest level,
a diagnostic test is considered efficacious if its result
is accurate and precise in a physical sense — for
example, if the test measures the physical property
of the human body that it purports to measure and
if its results are reproducible. Aspects of technical
efficacy in medical imaging include spatial and/or
temporal ;'esolulion. noise magnitude and texture,
and contrast sensitivity. Standard protocols for
measurement of technical efficacy have been
fomulated in radiography, ™'* for example, Protocols

for such measurements are less well established in
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other imaging modalities such as MRI, but some
guidelines are available."

(2) Diagnostic Accuracy. This second level
of efficacy concerns the extent to which the results
of a diagnostic test agree, in some statistical sense,
with patients’ actual states of health or disease.
Virtually all practical measures of diagnostic accuracy
quantify the ability of a test to distinguish between
two (usually composite) states of truth, such as
“normal” vs. “abnormal,” or “positive” vs. “negative”
with respect to a specified disease. Examples of
diagnostic-accuracy measures include percent correct,
sensitivity and specificity, and ROC curves. Of these,
ROC curves provide the most comprehensive
description of diagnostic accuracy, because they
display all of the combinations of sensitivity and
specificity which a diagnostic test is able to provide
as the test’s “decision criterion” is varied. The
advantages of ROC analysis over more traditional
measures of diagnostic accuracy have been discussed
elsewhere.®* In some situations, the dependence of
diagnostic accuracy on measures of physical image
quality (i.e., on level-1 efficacy) can be predicted
theoretically.'™" However, ROC curves should be
measured experimentally whenever possible, because
the theoretical relationships between physical image
quality and diagnostic accuracy are not always
reliable.'*"*

(3) Diagnostic-Thinking Efficacy. If a diagnostic
test’s sensitivity and specificity or ROC curve are

known, then it is easy to compute the factor by
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which the objective odds of disease change after
the diagnostic test is performed. However, the question
of whether the diagnostic test affects physicians’
subjective estimates of disease likelihood must be
answered empirically.! This intermediate “‘diagnostic-
thinking” level of efficacy is difficult to quantify,
but it provides an important conceptual link between
the more clearly specified levels above and below.'
Measurements of diagnostic-thinking efficacy are
complicated by the difficulty of interpreting subjective
probability estimates."” However, appropriately
designed studies can identify situations in which
the impact of a test on diagnostic thinking is clearly
great or small. Large-scale studies of diagnostic-
thinking efficacy have been reported by Lusted
et al.' and by the US Food and Drug Administ-
ration,” for example.

(4) Therapeutic Efficacy. This is the lowest
level at which the effects of a diagnostic test on
patient management are assessed directly. The basic
question here is how and by how much a particular
diagnostic test changes the way in which a patient
is treated — for example, how does therapy differ
when it is chosen with and without the diagnostic
test? It is important to notice that carefully-controlled
studies of a diagnostic test at this level require either
that patients’ therapy be thoroughly planned without
the test’s result and then re-planned after the test’s
result is provided, or that a randomly selected control
group of patients be treated without all of the

diagnostic information that might otherwise be
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obtained. Despite the difficulties raised by these
practical and ethical issues, therapeutic efficacy has
been studied in preoperative chest radiography of
children*" and in computed body tomography,
for example.

(5) Patient-Outcome Efficacy. Here the goal
of diagnostic medicine is confronted directly: a
diagnostic test is considered efficacious (or effective)
at this level only if patient health (as measured in
“quality-adjusted life years.” for example) is
demonstrably improved by use of the test. This is
the kind of efficacy which is of the greatest interest
to most patients and physicians, and it is an
indispensable component of any meaningful “cost/
benefit™ or “cost/effectiveness™ analysis. However,
definitive assessment of patient-outcome efficacy
requires prospective randomized and controlled clinical
trials in which the practical, statistical, and ethical
problems can be formidable.! Therefore, patient-
outcome efficacy often is inferred by using decision
analysis to combine measurements of diagnostic
accuracy (i.e., level-2 efficacy) with epidemiological
and other collateral data. In particular, relationships
between ROC analysis and cost/benefit analysis or
cost/effectiveness analysis have been described by
Metz,*? by Phelps and Mushlin,** and by Sainfort.*

(6) Societal Efficacy. Any cost/benefit or cost/
effectiveness analysis of a diagnostic test at the
patient-outcome level (level 5) focuses on the benefits
and effectiveness that accrue to the patients who

are candidates for the test. However, one must ask:
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“cost to whom?” The inescapable answer that medical
costs are borne increasingly by society as a whole
implies that social utilities should somehow be taken
into account when benefits and effectiveness are
evaluated. This is the domain of “societal efficacy,”
which in principle merges technical, economic and
political considerations to assess diagnostic tests within
the context of the social endeavor. Consideration
of societal efficacy leads inevitably to philosophical
and political questions of how society’s resources
should be allocated — not only within a “health
care budget,” but also more broadly. Rigorously
scientific measurements and wholly rational analyses
of efficacy at this level are impossible, but “the
challenge is to bring policy and practice into line
with knowledge™ and to increase knowledge that
will inform policy and practice.

Studies that attempt to assess diagnostic tests
differ in many ways across the six levels of efficacy,
but several practical issues arise in virtually all efficacy
studies. Perhaps most fundamental is the need to
avoid effects of sampling bias, which may arise in
a variety of subtle ways and can lead to misleading
estimates or conclusions.”? Another common issue
is the decision as to whether the efficacy of each
diagnostic test must be quantified in strictly-defined
units on some meaningful scale or, alternatively, needs
only to be ranked relative to other tests. Absolute
measurements of efficacy are desirable in principle,
but appropriately designed “ranking” studies often

are more practical because their results may be much
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less sensitive to sampling bias.”® Similarly, the relative
merits of prospective and retrospective studies should
be considered carefully in each situation. Carefully
controlled prospective studies are preferable in
principle, but apppropriately designed retrospective
studies are often more practical. Another issue in
most efficacy studies is the question of whether a
diagnostic test should be assessed in isolation or
in the context of its use within a particular diagnostic
strategy. Tradeoffs between rigor and practicality
are inevitable in any assessment of efficacy; the
key needs are to consider those tradeoffs rationally

and to report then clearly.

New developments in ROC methodology

Several new developments in ROC methology
have improved the usefulness of ROC analysis in
evaluating the diagnostic accuracy of medical imaging
systems. We describe three such developments briefly

here.

Continuous confidence-rating scale

The conventional binormal model of ROC
analysis — which assumes that each ROC curve
arises from an effective pair of normal (i.e.,
“Gaussian™) decision-variable distributions®*** — has
been used for many years to fit smooth ROC curves
to data, and algorithms such as RSCORE and
ROCFIT are readily available for maximum-likelihood
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(ML) estimation of such curves. When ROC curves
with this form are fit to sufficiently large data sets,
they rise rapidly from the lower-left corner of the
unit square and then bend smoothly and steadily
into the upper-right corner. However, if the
conventional binormal model is used for small data
sets or for data sets with poorly allocated category
boundaries, a “hook™ in the fitted ROC may be
evident near the upper-right or lower-left corner of
the unit square, causing the neighboring part of the
ROC to drop below the 45° “guessing line.” Such
ROC curves are said to be “improper,” because their
non-monotonic slope indicates that they could not
have been produced by an optimal decision rule.
In extreme situations of this kind, the data are fit
exactly by a “degenerate” limiting form of the
conventional binormal ROC that consists of vertical
and horizontal line segments.”

Fortunately, ROC curve-fitting problems of this
kind occur much less often if observers use a
confidence-rating scale that is continuous or that
includes a large number of categories. Basically, curve-
fitting problems are reduced when confidence ratings
are collected on an essentially continuous scale
because continuous data provide more “operating
point” estimates along the path of the ROC curve.
Observers find a confidence-rating scale that ranges
from O to 100 to be particularly convenient, because
they can interpret it as a way of reporting their
estimate of the probability that each image is positive.

Relatively new algorithms named LABROCI and

Vol.12 No.3 (1995)

LABROC4 are available for fitting binormal ROC
curves to data collected on a continuous or 0-100
scale.” Investigators who have used continuous or
0-100 confidence-rating scales in their ROC

experiments have reported good results.®#

A “proper” binormal model for ROC curve

fitting

Although use of a continuous or 0-100
confidence-rating scale reduces the likelihood of ROC
curve fitting problems, a “hook™ in the fitted ROC
still may be evident near the upper-right or lower-
left corner of the unit square if a small number
of images is used in an experiment. To overcome
this problem completely, we are developing a “proper”
binormal model and a new algorithm for ML
estimation of the corresponding ROC curves. Like
the conventional binormal model, our new model
assumes that an effective pair of normal distributions
underlies the data. However, our “proper” binormal
model assumes that the ROC data were produced
by a decision variable which corresponds to the
likelihood ratio associated with the pair of normal
distributions, rather than to the normally-distributed
quantity itself. ML estimates of “proper” and
conventional binormal ROC curves are virtually
identical when the conventional binormal ROC shows
no “hook.” However, the “proper” binormal curves
have monotonic slope for all data sets, including

those for which the conventional model produces
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“degenerate” fits.

ML estimates of proper binormal ROC curves
can be difficult to calculate, because substantially
different combinations of parameter values can produce
very similar ROCs. This causes the likelihood
functions of some data sets to have long, narrow
“ridges” in parameter space, so iterative algorithms
may not converge when they attempt to find the
maximum. We were able to overcome this problem
by appropriate re-parameterization of the proper
binormal model and by use of a novel iterative
scheme. Extensive simulation studies have shown
that the resulting curve-fitting algorithm, named
“PROPROC,” is highly reliable. We expect to begin

distributing PROPROC to other investigators soon.

Use of “jackknifing” in statistical testing

The Dorfman/Berbaum/Metz “multi-reader multi-
case” (MRMC) method™ for testing the statistical
significance of differences between ROC indices uses
analysis of variance™ (ANOVA) after a statistical
procedure called “jackknifing.”* This approach to
testing ROC differences is more general than previous
methods such as Student’s t test® or the CORROC
algorithm,” because it provides a basis for generalizing
the results of an observer-performance study to the
populations of both cases and image readers that
were sampled in the experiment. Preliminary results
from applying the MRMC method to real data have

been encouraging.®* We are now conducting
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computer-simulation studies to evaluate this method
rigorously. Our initial results indicate that the MRMC
approach is valid in typical situations. For example,
in 2000 data sets from simulated experiments that
involved identical equal-variance binormal ROC curves
with d’=1.50 (Az=0.855), 50 actually-positive and
50 actually-negative cases, 5 readers, continuous data,
and components of variation with magnitudes similar
to those encountered experimentally, we found a Type
I error rate of 0.0495 £ 0.0095 (mean * 1.96SE)
when we used a critical “p-value” of 0.05 (i.e., at

a = 0.05).

Conclusions

The six-level model of diagnostic efficacy allows
us to see the relationship between ROC analysis
and other approaches to efficacy assessment. Several
new methodological developments have improved the
usefulness of ROC analysis in evaluating the
diagnostic accuracy of medical systems. Especially
noteworthy progress has been made in reducing the
likelihood of ROC curve-fitting problems and in
determining the statistical significance of differences

between ROC curve estimates.
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[Invited Paper Summary]

Computer-Aided Diagnosis in Mammography:
Retrospective and Prospective Studies at the University of Chicago

Robert M. NisHIKAWA, Maryellen L. GIGER, Kunio. DOl

Kurt Rossmann Laboratories for Radiologic Image Research,

Department of Radiology, The University of Chicago, Chicago IL 60637

Over the past 10 years, our group has been
developing automated schemes to assist radiologists
in interpreting mammograms.(1,2) We have
performed extensive testing on our schemes, which
are designed for the detection of masses and clustered
microcalcifications. To date, these tests were performed
retrospectively on a selected set of mammograms
and we have obtained results that indicated that our
schemes have potential to be used as an effective
aid for radiologists. We are now at the stage in
development of our CAD (computer-aided diagnosis)
program to prospectively test our schemes on a large
number of clinical mammograms. On November
8th, 1994, we implemented an “intelligent”
mammography workstation and began the first test
of our schemes on clinical mammograms obtained
in the mammography section of our department. This
paper summarizes some of our retrospective studies

on selected “subtle” cases and also reports on

preliminary results from prospective testing on a
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prototype clinical “intelligent” mammography

workstation.

The computerized scheme for the detection of
breast masses “looks” for asymmetries between the
left and right breasts. Using the skinline and the
nipple position, the two mammograms are aligned.
Then each image is thresholded (based on the grey-
level histogram) and the pair of images are subtracted.
Ten subtracted images are produced by using 10
different threshold values. Run-length analysis is
then performed in which a pixel is retained if it
is above a certain threshold level in at least 5 of
the 10 images. The potential masses remaining in
the run-length image are then subject to feature
analysis in which a feed-forward neural network is
used to merge computer-extracted features of the
potential mass. Using this method on a database
of 154 pairs of mammograms (90 with a mass),

90% of the masses can be correctly identified with
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approximately 2 false positives per image.

In the computerized scheme for the detection
of clustered microcalcifications, each image is analyzed
singly. The image is first filtered to enhance
microcalcifications by suppressing the normal
anatomical structure of the breast. Grey-level
thresholding is then used to identify potential
microcalcifications. Falsely identified signals are
then eliminated using feature analysis and a shift-
invariant artificial neural network. Using this approach
on a database of 78 mammograms (39 with clustered
microcalcifications), 85% of the clusters can be

identified with approximate average of 0.6 false

positives per image.

In the prospective study, all screening
mammograms are digitized on the workstation and
then analyzed by the computerized schemes. The
workstation hardware consisits of an IBM RISC 6000
PowerStation Model 590, a Konica LD4500 laser
film digitizer (0.1-mm pixels, 10 bit), an Alphatronix
Inspire 40-GB magneto-optical jukebox, two Imlogix
1024-line monitors, and a Seikosha VP4500 video
printer for hard copy. Running on the workstation
are the two automated computerized schemes for
the detection of breast masses and clustered

microcalcifications.

The preliminary results for the first 37 days

(573 patients) have been analyzed. Although follow-

Vol.12 No.3 (1995)

up to establish truth has not been done for all patients,
the two schemes detected the lesion in 10 of the
14 patients who had a ‘suspicious’ lesion present
mammographically. Three of the lesions missed by
the computer were found to be benign either at biopsy
or after further work-up, and fourth one is scheduled
for further work-up. For two patients, a cluster
of microcalcifications was detected by the
cbmputerized scheme that was initially missed by
the radiologist. The false positive rate was 1.2 false
masses and 0.87 false clusters per image. Over
70% of the false positive masses were caused by
nodular densities and approximately 50% of the false
cluster included obviously benign calcifications. The
results from this ongoing study will be used to plan

a full-scale clinical study.
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images was assessed using the entropy method, and the optimum imaging conditions for the 7:-weighted
images were determined. The relative efficiency of transmission ( 7 ) and the conditional entropy (Hx(Y))
were obtained as indices of evaluation. The value of » which is the measurement related to both contrast
and noise was maximum at Te=500msec. This value agreed with Tk values obtained empirically in many
other centers, and the evaluation of image quality by » correlated well with visual observation of the
clinical images. Accordingly, 7 was a good index to determine the optimum imaging conditions. Hx(¥)
which represents the noise component was minimum at Te=400msec. The increment in Hx(¥) was small

when Tr was increased. 7 and Hx(Y) are influenced by several parameters including the number of signals

averaged, slice thickness, echo time. Accordingly, the optimum imaging conditions change when these

parameters change.
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Fig. 1 Calculated signal intensity as a function of
Tr from Equation 3. T values of white
matter (WM) and gray matter (GM) were
assumed to be about 710msec and 910msec.
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Fig. 2 Calculated contrast between white matter
and gray matter as a function of Tz from
Equations 3 and 4.
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Fig. 3 Flow chart of image data for the entropy
analysis.

Table 1 Experimental conditions

Pulse sequence spin echo

Tr 300~700(msec)
TE 15(msec)
Matrix 256 X 256
Slice thickness 8(mm)

Field of view 250 X 250(mm)
Number of signals averaged 2
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