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SOME RECENT DEVELOPMENTS IN ROC METHODOLOGY FOR EVALUATION OF
MEDICAL IMAGING SYSTEMS

Charles E. Metz, Ph.D.
Professor of Radiology
The University of Chicago
Chicago. Illinois 60637, USA

The purpose of this lecture is to describe three recent methodological developments that should
increase the usefulness of ROC analysis for evaluation of medical imaging systems.

(1) "PROPER" BINORMAL ROC CURVES: THEORY AND MAXIMUM-LIKELIHOOD
ESTIMATION. The conventional binormal model of ROC analysis -- which assumes an
effective underlying pair of normal 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 estimation (MLE) of such curves. When ROC curves
with this conventional binormal 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
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-degree "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.

To overcome these curve-fitting artifacts, we developed a "proper" binormal model and a new
algorithm for MLE 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, the "proper” binormal model assumes that the ROC data were produced by a
decision variable that corresponds to the likelihood ratio associated with the pair of normal
distributions, rather than to the normally-distributed quantity itself.

MLE of the parameters of the proper binormal model can be difficult, because substantially
different combinations of parameter values can produce very similar ROCs, causing the
likelihood functions of some data sets to have long, narrow "ridges" in parameter space. We
were able to overcome this problem by appropriate re-parameterization of the model and use of
anovel iterative scheme. Extensive evaluation studies with computer-simulated and real data
have shown the resulting curve-fitting algorithm, entitted PROPROC, to be highly reliable.
Maximum-likelihood estimates of the proper and conventional binormal ROC curves are
virtually identical when the conventional binormal ROC shows no "hook," but the proper
binormal curves have monotonic slope for all data sets, including those for which the
conventional model produces degenerate fits.

(2) THE DORFMAN/BERBAUM/METZ METHOD FOR TESTING THE STATISTICAL
SIGNIFICANCE OF DIFFERENCES BETWEEN ROC INDEX ESTIMATES. The
Dorfman/Berbaum/Metz "multi-reader multi-case" (MRMC) method for testing the statistical
significance of differences between ROC index estimates (Invest. Radiol. 1992: 27: 723-731),
which uses analysis of variance (ANOVA) after a statistical procedure called "jackknifing,"
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.

Recently, we conducted computer-simulation studies to evaluate the validity of this method for
continuously-distributed data. Each ROC estimate in this work was calculated by our
LABROCS algorithm, which bins continuously-distributed data into 10 or 20 categories in a
natural way before fitting a conventional binormal ROC curve by maximum-likelihood
estimation. Simulated data with multiple components of variation were needed to determine
whether the Dorfman/Berbaum/Metz methodology gives valid p-values. Therefore, we
developed software that generates normally-distributed decision variables according to a four-
way mixed ANOVA model in which truth state (c.g., "actually positive" and "actually
negative") and modality are fixed effects but the effects of individual readers and cases are
random. Two thousand computer-simulated data sets were generated for each of three different
ROC curves and several different variance-component patterns. The results of these extensive
computer-simulation studies indicate that the Dorfman/Berbaum/Metz method is valid in a
broad variety of typical situations.

(3) ROCKIT: A NEW SOFTWARE PACKAGE FOR ANALYSIS OF ROC DATA. Our
group has been developing computer software for maximum-likelihood estimation of ROC
curves and for testing the statistical significance of differences between ROC curves since the
late 1970s. Currently, six programs are available in versions for UNIX workstations and DOS
microcomputers, and the four most frequently requested programs are available in versions for
the Apple Macintosh. Our software, which we distribute without charge, is now used by more



than 600 laboratories in 20} countrics.

Soon we will release a new integrated software package entitled "ROCKIT" that combines five
of our current programs (ROCFIT, LABROCS, INDROC, CORROC?2, and CLABROC) into a
single shell. ROCKIT will: (i) fit a single conventional binormal ROC curve to a single set of
data collected on either a discrete or a continuous scale; (ii) test the statistical significance of a
difference between conventional binormal ROC curves estimated from cither paired or unpaired
data that were collected on discrete and/or continuous scales; and/or (iii) estimate the effective
correlation of paired data that are collected on discrete and/or continuous scales. An important
practical feature of ROCKIT is its ability to read input files created by the five existing
programs that it integrates, each of which now uses a different format. ROCKIT also adds
several new capabilities, such as testing the statistical significance of differences between ROC
curves that are estimated from partially paired case samples, and calculation and output of 95%
confidence intervals for estimated differences between ROC curves. Additional features, such
as "proper” binormal ROC curve fitting and the Dorfman/Berbaum/Metz method for testing the
statistical significance of differences between ROC indices, will be added to ROCKIT in the
future.
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