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Abstract
In diagnostic imaging studies, the test results often depend on the subjective
interpretation of the reader. Because of variability in readers’ accuracy, studies
evaluating diagnostic tests usually involve multiple readers. Receiver Operating
Characteristic (ROC) analysis has been a popular method for evaluating the
performance of diagnostic imaging modalities. In this mini-review, I introduce
current literature on nonparametric methods to compare the accuracy of
diagnostic tests with multiple readers using ROC analysis. Nonparametric
approaches do not require distributional assumptions for the test results or the
ROC curve, making them attractive for use when the total sample size/number
of readers is small or when distributional assumptions may be problematic.
Keywords: Diagnostic test; Multi-reader; Multi-test design; Nonparametric
methods; Receiver operating characteristic curve

Introduction
Early and accurate diagnosis of disease is vital for the clinical
management of patients. For example, imaging modalities such as
computed tomography and magnetic resonance imaging have become
important tools for the diagnosis of various diseases because of their
non-invasive nature. Given the recent advances in medical imaging
technologies, numerous studies have been conducted to compare the
performance of currently available diagnostic tests. In radiological
studies, the accuracy of such tests often depends on the subjective
interpretation of readers (or radiologists). Because of variability in
readers’ accuracy, studies comparing two or more imaging modalities
usually involve multiple readers; these studies are often designed so
that multiple readers interpret all test results from a sample of patients
who undergo multiple diagnostic tests, referred to as the multi-reader,
multi-test design. This design is efficient for comparing diagnostic
tests because it requires a smaller patient population than other study
designs [1]. For example, Table 1 presents a data structure in a multireader, multi-test design, in which each of N patients experiences two
diagnostic tests that are interpreted by J different readers.
Numerous statistical methods have been developed to evaluate
the performance of diagnostic tests in the framework of Receiver
Operating Characteristic (ROC) analysis [2-4]. The ROC curve is a
standard tool used to compare diagnostic tests when test results are
continuous or ordinal. In an ROC curve, the true positive rate is
plotted as a function of the false positive rate across all possible cutpoints. The area under the ROC curve (AUC) is a commonly used
summary measure of diagnostic accuracy, in which AUC values close
to 1 indicate that a test has high diagnostic accuracy. The partial area
under the ROC curve (pAUC) is another summary measure that can
be used when the interest is only in a range of specificity.
Most existing methods for analyzing multi-reader ROC data
have applied mixed-effects Analysis of Variance (ANOVA) models
[5-9]. Among those, the Dorfman-Berbaum-Metz (DBM) and
Obuchowski-Rockette (OR) methods, respectively, proposed by
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Dorfman et al. [5] and Obuchowski and Rockette [6] are the most
widely used. The DMB and OR methods have some drawbacks
[1,10,11] and several approaches to overcome these drawbacks have
been proposed [9,10,12,13]. On the other hand, methods that do not
rely on mixed-effects ANOVA modeling have been less explored. In
this mini-review, I introduce current literature on nonparametric
approaches to analyzing multi-reader, multi-test ROC data.
Nonparametric approaches
Significant methodological developments can be applied in
situations where each participant is examined by multiple readers
using a single diagnostic test, or multiple diagnostic tests are read by
a single reader. These settings constitute a special case of the multireader, multi-test design, and a comprehensive review of relevant
statistical methods can be found in Zhou et al. [1] and Zou et al.
[14]. Here, I introduce several nonparametric methods developed by
using the theory of generalized U-statistics. Among those methods;
DeLong et al. [15] approach is one of the most widely used for
comparing diagnostic tests. Noting that the nonparametric AUC
estimate is equivalent to the U-statistics, they derived its asymptotic
normality and variance expression. Furthermore, they estimated the
variance of the nonparametric AUC by applying Sen’s [16] method
of structural components. Gallas [17] proposed a new variance
estimation technique using the idea of Barrett et al. [18]. If ROC
Table 1: Presentation of data from Multi-Reader, Multi-Test Study.
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…
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…

…

…
…

T2J1

…

…

…

k

Tk11
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Tkj2
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…

…

…

…
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…

…
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…
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…
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Tkj1(Tkj2) denotes the result of test 1 (test 2) interpreted by reader j from patient k
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curves of different diagnostic tests cross, the use of AUCs may not be
appropriate. In this case, pAUC can serve as an alternative. Several
papers [19-21] have compared nonparametric pAUCs by extending
DeLong et al. [15] approach.

treated as random to account for variability across readers. In this
case, nonparametric approaches can still be applied but they may
result in power loss when reader effects are actually random [8,14,26].

A common nonparametric approach to analyzing multi-reader,
multi-test ROC data is to compare correlated AUCs. Typically, a
reader-specific AUC for a diagnostic test is calculated first to describe
the diagnostic performance of a specific reader, and the diagnostic
accuracy of the test is summarized as the average accuracy of all
readers. Finally, the performance of different diagnostic tests is
compared by testing the differences in reader-averaged AUCs [2226].

1. Jin H, Lu Y. A non-inferiority test of areas under two parametric ROC curves.
Contemp Clin Trials. 2009; 30: 375-379.

Song [22] proposed a nonparametric method to analyze such
ROC data by generalizing DeLong et al.’s [15] approach. She used
the jackknife methods to estimate the variance of the nonparametric
AUC, which can be computationally demanding. Kaufmann et al.
[24] used the method of rankings for the nonparametric BehrensFisher problem and derived the AUC estimates as well as their
covariance matrix. Bandos et al. [25] introduced a permutation test
for comparing nonparametric AUCs. The latter two methods have
been used to compare two diagnostic modalities only. Recently, Kim
et al. [26] presented the closed form expression of the nonparametric
AUC and estimated it using the method of structural components
similar to Delong et al. [15]. They also developed a power formula
to compare the correlated AUCs for any two diagnostic tests in a
multi-reader, multi-test study design under the asymptotic normality
of the nonparametric AUC differences. They showed that their
power formula is especially useful when a study is expected to have
a relatively small number of readers (e.g., less than 4) and that it
can serve as an alternative to the conventional power calculations
developed based on the mixed-effects ANOVA models [27-29].

5. Dorfman DD, Berbaum KS, Metz CE. Receiver operating characteristic rating
analysis. Generalization to the population of readers and patients with the
jackknife method. Invest Radiol. 1992; 27: 723-731.

While several nonparametric methods have been developed
based on the theory of U-statistics, Li and Zhou [30] took a different
approach by treating nonparametric ROC curves as stochastic
processes and derived their asymptotic distribution theory. They used
a Monte Carlo re sampling method to approximate the empirical ROC
processes and compared correlated AUCs. Instead of relying on the
reader-averaged AUCs presented in previous papers, Tang et al. [31]
proposed using a weighted linear combination of the reader-specific
AUC differences to possibly achieve a higher power for comparing
two diagnostic modalities.

Conclusion
Current nonparametric approaches in multi-reader, multitest studies mainly focus on comparisons of correlated AUCs.
Nonparametric approaches do not require distributional assumptions
for the test results or the ROC curve, making them attractive for
use when the total sample size/number of readers is small or when
distributional assumptions may be problematic. As a final remark,
readers should note that the nonparametric approaches treat readers
as fixed effects; they are appropriate for use in phase II studies in
which readers are selected from a specific institution and the interest
is in making inferences only about those readers. However, in phase
III studies in which readers should represent a general population of
readers, they should be selected in a representative manner and be
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