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Abstract

Introduction: We examined the design, analysis and reporting in multi-reader
multi-case (MRMC) research studies using the area under the receiver-operating
curve (ROC AUC) as a measure of diagnostic performance.

Methods: We performed a systematic literature review from 2005 to 2013 inclusive
to identify a minimum 50 studies. Articles of diagnostic test accuracy in humans
were identified via their citation of key methodological articles dealing with MRMC
ROC AUC. Two researchers in consensus then extracted information from primary
articles relating to study characteristics and design, methods for reporting study
outcomes, model fitting, model assumptions, presentation of results, and
interpretation of findings. Results were summarized and presented with a
descriptive analysis.

Results: Sixty-four full papers were retrieved from 475 identified citations and
ultimately 49 articles describing 51 studies were reviewed and extracted.
Radiological imaging was the index test in all. Most studies focused on lesion
detection vs. characterization and used less than 10 readers. Only 6 (12%) studies
trained readers in advance to use the confidence scale used to build the ROC
curve. Overall, description of confidence scores, the ROC curve and its analysis
was often incomplete. For example, 21 (41%) studies presented no ROC curve and
only 3 (6%) described the distribution of confidence scores. Of 30 studies
presenting curves, only 4 (13%) presented the data points underlying the curve,

1720


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0116018&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@'PLOS | ONE

ROC AUC Systematic Review

thereby allowing assessment of extrapolation. The mean change in AUC was 0.05
(—0.05 to 0.28). Non-significant change in AUC was attributed to underpowering
rather than the diagnostic test failing to improve diagnostic accuracy.
Conclusions: Data reporting in MRMC studies using ROC AUC as an outcome
measure is frequently incomplete, hampering understanding of methods and the
reliability of results and study conclusions. Authors using this analysis should be
encouraged to provide a full description of their methods and results.

Introduction

The receiver operator characteristic (ROC) curve describes a plot of sensitivity
versus 1-specificity for a diagnostic test, across the whole range of possible
diagnostic thresholds [1]. The area under the ROC curve (ROC AUC) is a well-
recognised single measure that is often used to combine elements of both
sensitivity and specificity, sometimes replacing these two measures. ROC AUC is
often used to describe the diagnostic performance of radiological tests, either to
compare the performance of different tests or the same test under different
circumstances [2, 3]. Radiological tests must be interpreted by human observers
and a common study design uses multiple readers to interpret multiple image
cases; the multi-reader multi-case (MRMC) design [4]. The MRMC design is
popular because once a radiologist has viewed 20 cases there is less information to
be gained by asking him to view a further 20 than by asking a different radiologist
to view the same 20. This procedure enhances the generalisability of study results
and having multiple readers interpret multiple cases enhances statistical power.
Because multiple radiologists view the same cases, “clustering” occurs. For
example, small lesions are generally seen less frequently than larger lesions, i.e.
reader observations are clustered within cases. Similarly, more experienced readers
are likely to perform better across a series of cases than less experienced readers,
i.e. results are correlated within readers. Bootstrap resampling and multilevel
modeling can account for clustering, linking results from the same observers and
cases, so that 95% confidence intervals are not too narrow. MRMC studies using
ROC AUC as the primary outcome are often required by regulatory bodies for the
licensing of new radiological devices [5].

We attempted to use ROC AUC as the primary outcome measure in a prior
MRMC study of computer-assisted detection (CAD) for CT colonography [6].
However, we encountered several difficulties when trying to implement this
approach, described in detail elsewhere [7]. Many of these difficulties were related
to issues implementing confidence scores in a transparent and reliable fashion,
which led ultimately to a flawed analysis. We considered, therefore, that for ROC
AUC to be a valid measure there are methodological components that need
addressing in study design, data collection and analysis, and interpretation. Based
on our attempts to implement the MRMC ROC AUC analysis, we were interested
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in whether other researchers have encountered similar hurdles and, if so, how
these issues were tackled.

In order to investigate how often other studies have addressed and reported on
methodological issues with implementing ROC AUC, we performed a systematic
review of MRMC studies using ROC AUC an outcome measure. We searched and
investigated the available literature with the objective to describe the statistical
methods used, the completeness of data presentation, and investigate whether any
problems with analysis were encountered and reported.

Methods

Ethics statement

Ethical approval is not required by our institutions for research studies of
published data.

Search strategy, inclusion and exclusion criteria

This systematic review was performed guided by the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA), an evidence-based minimum
set of items for reporting in systematic reviews and meta-analyses [8]. We
developed an extraction sheet for the systematic review, broken down into
different sections (used as subheadings for the Results section of this report), with
notes relating to each individual item extracted (S1 File). In consensus we
considered approximately 50 articles would provide a sufficiently representative
overview of current reporting practice. Based on our prior experience of
performing systematic reviews we believed that searching for additional articles
beyond 50 would be unlikely to yield valuable additional data (i.e. we believed we
would reach “saturation” by 50 articles) yet would present a very considerable
extraction burden.

In order to achieve this, potentially eligible primary articles published between
2005 and February 2013 inclusive were identified by a radiologist researcher (TD)
using PUBMED via their citation of one or more of 8 key methodological articles
relating to MRMC ROC AUC analysis [9-16]. To achieve this the Authors’ names
(combined using “AND”) were entered in the PUBMED search field and the
specific article identified and clicked in the results list. The abstract was then
accessed and the “Cited By # PubMed Central Articles” link and “Related
Citations” link used to identify those articles in the PubMed Central database that
have cited the original article. There was no language restriction. Online abstracts
were examined in reverse chronological order, the full text of potentially eligible
papers then retrieved, and selection stopped once the threshold of 50 studies
tulfilling inclusion criteria had been passed.

To be eligible, primary studies had to be diagnostic test accuracy studies of
human observers interpreting medical image data from real patients, and
attempting to use a MRMC ROC AUC analysis as a study outcome based on the
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following methodological approaches [9-16]; Reviews, solely methodological
papers, and those using simulated imaging data were excluded.

Data extraction

An initial pilot sample of 5 full-paper articles were extracted and the data checked
by a subgroup of investigators in consensus, to both confirm the process was
feasible and to identify potential problems. These papers were extracted by TD
using the search strategy described in the previous section. A further 10 full-
papers were extracted by two radiologist researchers again using the same search
strategy and working independently (TD, AP) to check agreement further. The
remaining articles included in the review were extracted predominantly by TD,
who discussed any concerns/uncertainty with AP. Any disagreement following
their discussion was arbitrated by SH and/or SM where necessary. These
discussions took place during two meetings when the authors met to discuss
progress of the review; multiple papers and issues were discussed on each
occasion.

The extraction covered the following broad topics: Study characteristics,
methods to record study outcomes, model assumptions, model fitting, data
presentation (S1 File).

We extracted data relating to the organ and disease studied, the nature of the
diagnostic task (e.g. characterization vs. localization vs. presence/absence), test
methods, patient source and characteristics, study design (e.g. prospective/
retrospective, secondary analysis, single/multicenter) and reference standard. We
extracted the number of readers, their prior experience, specific interpretation
training for the study (e.g. use of CAD software), blinding to clinical data and/or
reference results, the number of times they read each case and the presence of any
washout period to diminish recall bias, case ordering, and whether all readers read
all cases (i.e. a fully-crossed design). We extracted the unit of analysis (e.g. patient
vs. organ vs. segment), and sample size for patients with and without pathology.

We noted whether study imaging reflected normal daily clinical practice or was
modified for study purposes (e.g. restricted to limited images). We noted the
confidence scores used for the ROC curve and their scale, and whether training
was provided for scoring. We noted if there were multiple lesions per unit of
analysis. We noted if scoring differed for positive and negative patient cases,
whether score distribution was reported, and whether transformation to a normal
distribution was performed.

We extracted if ROC cures were presented in the published article and, if so,
whether for individual readers, whether the curve was smoothed, and if
underlying data points were shown. We defined unreasonable extrapolation as an
absence of data in the right-hand 25% of the plot space. We noted the method for
curve fitting and whether any problems with fitting were reported, and the
method used to compare AUC or pAUC. We extracted the primary outcome, the
accuracy measures reported, and whether these were overall or for individual
readers. We noted the size of any change in AUC, whether this was significant, and
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made a subjective assessment of whether significance could be attributed to a
single reader or case. We noted how the study authors interpreted change in AUC,
if any, and whether any change was reported in terms of effect on individual
patients. We also noted if a ROC researcher was named as an author or
acknowledged, defined as an individual who had published indexed research
papers dealing with ROC methodology.

Analysis

Data were summarized in an Excel worksheet (Excel For Mac 14.3.9, Microsoft
Corporation) with additional cells for explanatory free text. A radiologist
researcher (SH) then compiled the data and extracted frequencies, consulting the
two radiologists who performed the extraction for clarification when necessary.
The investigator group discussed the implication of the data subsequently, to
guide interpretation.

Results

Four hundred and seventy five citations of the 8 key methodological papers were
identified and 64 full papers retrieved subsequently. Fifteen [17-31] of these were
rejected after reading the full text (the papers and reason for rejection are shown
in Table 1) leaving 49 [32-80] for extraction and analysis that were published
between 2010 and 2012 inclusive; these are detailed in Table 1. Two papers
[61,75] contributed two separate studies each, meaning that 51 studies were
extracted in total. The PRISMA checklist [8] is detailed in Fig. 1. The raw
extracted data are available in S2 File.

Study characteristics
The index test was imaging in all studies. Breast was the commonest organ studied
(20 studies), followed by lung (11 studies) and brain (7 studies). Mammography
(15 studies) was the commonest individual modality investigated, followed by
plain film (12 studies), CT and MRI (11 studies each), tomosynthesis (six studies),
ultrasound (two studies) and PET (one study); 9 studies investigated multiple
modalities. In most studies (28 studies) the prime interpretation task was lesion
detection. Eleven studies focused on lesion characterization and 12 combined
detection and characterization. Forty-one studies compared 2 tests/conditions (i.e.
a single test but used in different ways) to a reference standard (41 studies), while
2 studies compared 1 test/condition, 7 studies compared 3 tests/conditions, and 1
study compared 4 tests/conditions. Twenty-five studies combined data to create a
reference standard while the reference was a single finding in 24 (14 imaging, 5
histology, 5 other — e.g. endoscopy). The reference method was unclear in 2
studies [54,55].

Twenty-four studies were single center, 12 multicenter, with the number of
centers unclear in 15 (29%) studies. Nine studies recruited symptomatic patients,

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 5/20



@'PLOS | ONE

ROC AUC Systematic Review

Table 1. Citations for the 49 papers (contributing 51 studies) included in the systematic review.

Included Articles (first author, year)
Aoki, 2011 [32]
Aoki, 2012 [33]
Berg, 2012 [34]
Bilello, 2010 [35]
Choi, 2012 [36]
Cole, 2012 [37]
Collettini, 2012 [38]
Dachman, 2010 [39]
Dromain, 2012 [40]
Gennaro, 2010 [41]
Hupse, 2013 [42]
Kelly, 2010 [43]

Kim, 2012 [44]

Kim, 2010 [45]

Li, 2012 [46]

Li, 2011a [47]

Li, 2011b [48]
Matsushima, 2010 [49]
McNulty, 2012 [50]
Medved, 2011 [51]
Mermuys, 2010 [52]
Moin, 2010 [53]
Muramatsu, 2010 [54]
Noroozian, 2012 [55]
Ohgiya, 2012 [56]
Otani, 2012 [57]
Padilla, 2013 [58]
Pollard, 2012 [59]
Purysko, 2012 [60]
Rafferty, 2013 [61]
Saade, 2013 [62]
Salazar, 2011 [63]
Shimauchi, 2011 [64]
Shiraishi, 2010 [65]
Subhas, 2011 [66]
Sung, 2010 [67]
Svahn, 2012 [68]
Takahashi, 2010 [69]
Tan, 2012 [70]

Timp, 2010 [71]
Toomey, 2010 [72]
Uchiyama, 2012 [73]
Visser, 2012 [74]
Wallis, 2012 [75]

Contributed two studies

Contributed two studies
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Table 1. Cont.

Included Articles (first author, year)

Wardlaw, 2010 [76]
Way, 2010 [77]

Yamada, 2011 [78]
Yamada, 2012 [79]
Yoshida, 2013 [80]

Excluded Articles (first author, year) Primary reason for exclusion

Warren, 2012 [17]
Berbaum, 2012 [18]
Destounis, 2011 [19]
Jinzaki, 2011 [20]
Krupnski, 2012 [21]
Leong, 2012 [22]
Nishida, 2011 [23]
Obuchowski, 2010 [24]
Okamoto, 2011 [25]
Reed, 2011 [26]
Svane, 2011 [27]
Szucs-Farkas, 2010 [28]
Webb, 2011 [29]
Yakabe, 2010 [30]
Zanca, 2012 [31]

Simulated imaging
Simulated imaging

No MRMC ROC analysis
No MRMC ROC analysis
Simulated imaging
Simulated imaging

No MRMC ROC analysis
Non sequential design
No human readers
Simulated imaging

No MRMC ROC analysis
No MRMC ROC analysis
Simulated imaging
Simulated imaging

Not a primary study with original data

Details are also provided for the 15 articles excluded from the systematic review after reading the full-text, along with primary reasons for their exclusion
(multiple reasons for exclusion were possible).

doi:10.1371/journal.pone.0116018.t001

8 asymptomatic, and 7 a combination, but the majority (53%; 27 studies) did not
state whether patients were symptomatic or not. 42 (82%) studies described the
origin of patients with half of these stating a precise geographical region or
hospital name. However, 9 (18%) studies did not sufficiently describe the source
of patients and 21 (41%) did not describe patients’ age and/or gender
distribution.

Study design

Extracted data relating to study design and readers are presented graphically in
Fig. 2. Most studies (29; 57%) used patient data collected retrospectively.
Fourteen (28%) were prospective while 2 used an existing database. Whether
prospective/retrospective data was used was unstated/unclear in a further 6 (12%).
While 13 studies (26%) used cases unselected other than for the disease in
question, the majority (34; 67%) applied further criteria, for example to preselect
“difficult” cases (11 studies), or to enrich disease prevalence (4 studies). How this
selection bias was applied was stated explicitly in 18 (53%) of these 34. Whether
selection bias was used was unclear in 4 studies.
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Fig. 1. PRISMA flow diagram [8] for the systematic review.

doi:10.1371/journal.pone.0116018.9001

The number of readers per study ranged from 2 [56] to 258 [76]. The mean
number was 13, median 6. The large majority of studies (35; 69%) used fewer than
10 readers. Reader experience was described in 40 (78%) studies but not in 11.
Specific reader training for image interpretation was described in 31 (61%)
studies. Readers were not trained specifically in 14 studies and in 6 it was unclear
whether readers were trained specifically or not. Readers were blind to clinical
information for individual patients in 37 (73%) studies, unblind in 3, and this
information was unrecorded or uncertain in 11 (22%). Readers were blind to
prevalence in the dataset in 21 (41%) studies, unblind in 2, but this information
was unsure/unrecorded or uncertain in the majority (28, 55%).
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Fig. 2. Bar chart showing data extracted by the systematic review relating to study readers, design, and the confidence scales used to build ROC
curves.

doi:10.1371/journal.pone.0116018.9002

Observers read the same patient case on more than one occasion in 50 studies;
this information was unclear in the single further study [70]. A fully crossed
design (i.e. all readers read all patients with all modalities) was used in 47 (92%)
studies, but not stated explicitly in 23 of these. A single study [72] did not use a
fully crossed design and the design was unclear or unrecorded in 3 [34,70,76].
Case ordering was randomised (either a different random order across all readers
or a different random order for each individual reader) between consecutive
readings in 31 (61%) studies, unchanged in 6, and unclear/unrecorded in 14
(27%). The ordering of the index test being compared varied between consecutive
readings in 20 (39%) studies, was unchanged in 17 (33%), and was unclear/
unrecorded in 14 (27%). 26 (51%) studies employed a time interval between
readings that ranged from 3 hours [50] to 2 months [63], with a median of 4
weeks. There was no interval (i.e. reading of cases in all conditions occurred at the
same sitting) in 17 (33%) studies, and time interval was unclear/unrecorded in 8
(16%).
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Methods of reporting study outcomes

The unit of analysis for the ROC AUC analysis was the patient in 23 (45%)
studies, an organ in 5, an organ segment in 5, a lesion in 11 (22%), other in 2, and
unclear or unrecorded in 6 (12%); one study [34] examined both organ and lesion
so there were 52 extractions for this item. Analysis was based on multiple images
in 33 (65%) studies, a single image in 16 (31%), multiple modalities in a single
study [40], and unclear in a single study [57]; no study used videos.

The number of disease positive patients per study ranged between 10 [79] and
100 [53] (mean 42, median 48) in 46 studies, and was unclear/unrecorded in 5
studies. The number of disease positive units of outcome for the primary ROC
AUC analysis ranged between 10 [79] and 240 [41] (mean 59, median 50) in 43
studies, and was unclear/unrecorded in 8 studies. The number of disease negative
patients per study ranged between 3 [69] and 352 [34] (mean 66, median 38) in 44
studies, was zero in 1 study [80], and was unclear/unrecorded in 6 studies. The
number of disease negative units of analysis for the primary outcome for the ROC
AUC analysis ranged between 10 [51] and 535 [39] (mean 99, median 68) in 42
studies, and was unclear/unrecorded in the remaining 9 studies. The large
majority of studies (41, 80%) presented readers with an image or set of images
reflecting normal clinical practice whereas 10 presented specific lesions or regions
of interest to readers.

Calculation of ROC AUC requires the use of confidence scores, where readers
rate their confidence in the presence of a lesion or its characterization. In our
previous study [6] we identified the assignment of confidence scores to be
potentially on separate scales for disease positive and negative cases [7]. For rating
scores used to calculate ROC AUC, 25 (49%) studies used a relatively small
number of categories (defined as up to 10) and 25 (49%) used larger scales or a
continuous measurement (e.g. visual analogue scale). One study did not specify
the scale used [76]. Only 6 (12%) studies stated explicitly that readers were trained
in advance to use the scoring system, for example being encouraged to use the full
range available. In 15 (29%) studies there was the potential for multiple
abnormalities in each unit of analysis (stated explicitly by 12 of these). This
situation was dealt with by asking readers to assess the most advanced or largest
lesion (e.g. [43]), by an analysis using the highest score attributed (e.g. [42]), or by
adopting a per-lesion analysis (e.g. [52]). For 23 studies only a single abnormality
per unit of analysis was possible, whereas this issue was unclear in 13 studies.

Model assumptions

The majority of studies (41, 80%) asked readers to ascribe the same scoring system
to both disease-positive and disease-negative patients. Another 9 studies asked
that different scoring systems be used, depending on whether the case was
perceived as positive or negative (e.g. [61]), or depending on the nature of the
lesion perceived (e.g. [66]). Scoring was unclear in a single study [76]. No study
stated that two types of true-negative classifications were possible (i.e. where a
lesion was seen but misclassified vs. not being seen at all), a situation that
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potentially applied to 22 (43%) of the 51 studies. Another concern occurs when
more than one observation for each patient is included in the analysis, violating
the assumption that data are independent. This could occur if multiple diseased
segments were analysed for each patient without using a statistical method that
treats these as clustered data. An even more flawed approach occurs when analysis
includes one segment for patients without disease but multiple segments for
patients with disease.

When publically available DBM MRMC software [81] is used for ROC AUC
modeling, this requires assumptions of normality for confidence scores or their
transformations if the standard parametric ROC curve fitting methods are used.
When scores are not normally distributed, even if non parametric approaches are
used to estimate ROC AUG, this lack of normality may indicate additional
problems with obtaining reliable estimates of ROC AUC [82-86]. While 17
studies stated explicitly that the data fulfilled the assumptions necessary for
modeling, none described whether confidence scores were transformed to a
normal distribution for analysis. Indeed, only 3 studies [54,73,76] described the
distribution of confidence scores, which was non-normal in each case.

Model fitting

Thirty (59%) studies presented ROC curves based on confidence scores; i.e. 21
(41%) studies showed no ROC curve. Of the 30 with curves, only 5 presented a
curve for each reader whereas 24 presented curves averaged over all readers; a
further study presented both. Of the 30 studies presenting ROC curves, 26 (87%)
showed only smoothed curves, with the data points underlying the ROC curve
presented in only 4 (13%) [43,51,63,78]. Thus, a ROC curve with underlying
data points was presented in only 4 of 51 (8%) studies overall. The degree of
extrapolation is critical in understanding the reliability of the ROC AUC result
[7]. However, extrapolation could only be assessed in these four articles, with
unreasonable extrapolation, by our definition, occurring in two [43, 63].

The majority of studies (31, 61%) did not specify the method used for curve
fitting. Of the 20 that did, 7 used non-parametric methods (Trapezoidal/
Wilcoxon), 8 used parametric methods (7 of which used Proproc), 3 used other
methods, and 2 used a combination. Previous research [7,84] has demonstrated
considerable problems fitting ROC curves due to degenerate data where the fitted
ROC curve corresponds to vertical and horizontal lines, e.g there are no FP data.
Only 2 articles described problems with curve fitting [55,61]. Two studies stated
that data was degenerate: Subhas and co-workers [66] stated that, “data were not
well dispersed over the five confidence level scores”. Moin and co-workers [53]
stated that, “If we were to recode categories 1 and 2, and discard BI-RADS 0 in the
ROC analysis, it would yield degenerative results because the total number of cases
collected would not be adequate”. While all studies used MRMC AUC methods to
compare AUC outcomes, 5 studies also used other methods (e.g. t-testing)

Forty-four studies additionally reported non-AUC outcomes (e.g. McNemar’s test
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to compare test performance at a specified diagnostic threshold [58], Wilcoxon
signed rank test to compare changes in patient management decisions [64]). Eight
(16%) of the studies included a ROC researcher as an author

(39,47, 48, 54, 60, 65, 66, 72].

Presentation of results
Extracted data relating to the presentation of individual study results is presented
graphically in Fig. 3. All studies presented ROC AUC as an accuracy measure with
49 (96%) presenting the change in AUC for the conditions tested. Thirty-five
(69%) studies presented additional measures such as change in sensitivity/
specificity (24 studies), positive/negative predictive values (5 studies), or other
measures (e.g. changes in clinical management decisions [64], intraobserver
agreement [36]). Change in AUC was the primary outcome in 45 (88%) studies.
Others used sensitivity [34,40], accuracy [35, 69], the absolute AUC [44] or
JAFROC figure of merit [68]. All studies presented an average of the primary
outcome over all readers, with individual reader results presented in 38 (75%)
studies but not in 13 (25%). The mean change/difference in AUC was 0.051
(range —0.052 to 0.280) across the extracted studies and was stated as
“significant” in 31 and “non-significant” in the remaining 20. No study failed to
comment on significance of the stated change/difference in AUC. In 22 studies we
considered that a significant change in AUC was unlikely to be due to results from
a single reader/patient but we could not determine whether this was possible in 11
studies, and judged this not-applicable in a further 18 studies. One study appeared
to report an advantage for a test when the AUC increased, but not significantly
[65]. There were 5 (10%) studies where there appeared to be discrepancies
While the majority of studies (42, 82%) did not present an interpretation of
their data framed in terms of changes to individual patient diagnoses, 9 (18%) did
so, using outcomes in addition to ROC AUC: For example, as a false-positive to
true-positive ratio [35] or the proportion of additional biopsies precipitated and
disease detected [64], or effect on callback rate [43]. The change in AUC was non-
significant in 22 studies and in 12 of these the authors speculated why, for
example stating that the number of cases was likely to be inadequate [65, 70], that
the observer task was insufficiently taxing [36], or that the difference was too
subtle to be resolved [45]. For studies where a non-significant change in AUC was
observed, authors sometimes framed this as demonstrating equivalence (16
studies, e.g. [55,74]), stated that there were other benefits (3 studies), or adopted
other interpretations. For example, one study stated that there were “beneficial”
effects on many cases despite a non-significant change in AUC [54] and one study
stated that the intervention “improved visibility” of microcalcifications noting
that the lack of any statistically significant difference warranted further
investigation [65].
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Discussion

While many studies have used ROC AUC as an outcome measure, very little
research has investigated how these studies are conducted, analysed and
presented. We could find only a single existing systematic review that has
investigated this question [87]. The authors stated in their Introduction, “we are
not aware of any attempt to provide an overview of the kinds of ROC analyses
that have been most commonly published in radiologic research.” They
investigated articles published in the journal “Radiology” between 1997 and 2006,
identifying 295 studies [87]. The authors concluded that “ROC analysis is widely
used in radiologic research, confirming its fundamental role in assessing
diagnostic performance”. For the present review, we wished to focus on MRMC
studies specifically, since these are most complex and are often used as the basis
for technology licensing. We also wished to broaden our search criteria beyond a
single journal. Our systematic review found that the quality of data reporting in
MRMC studies using ROC AUC as an outcome measure was frequently
incomplete and who would therefore agree with the conclusions of Shiraishi et al.
who stated that studies, “were not always adequate to support clear and clinically
relevant conclusions” [87].
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Many omissions we identified were those related to general study design and
execution, and are well-covered by the STARD initiative [88] as factors that
should be reported in studies of diagnostic test accuracy in general. For example,
we found that the number of participating research centres was unclear in
approximately one-third of studies, that most studies did not describe whether
patients were symptomatic or asymptomatic, that criteria applied to case selection
were sometimes unclear, and that observer blinding was not mentioned in one-
fifth of studies. Regarding statistical methods, STARD states that studies should,
“describe methods for calculating or comparing measures of diagnostic accuracy”
[88]; this systematic review aimed to focus on description of methods for MRMC
studies using ROC AUC as an outcome measure.

The large majority of studies used less than 10 observers, some did not describe
reader experience, and the majority did not mention whether observers were
aware of prevalence of abnormality, a factor that may influence diagnostic
vigilance. Most studies required readers to detect lesions while a minority asked
for characterization, and others were a combination of the two. We believe it is
important for readers to understand the precise nature of the interpretative task
since this will influence the rating scale used to build the ROC curve. A variety of
units of analysis were adopted, with just under half being the patient case. We
were surprised that some studies failed to record the number of disease-positive
and disease-negative patients in their dataset. Concerning the confidence scales
used to construct the ROC curve, only a small minority (12%) of studies stated
that readers were trained to use these in advance of scoring. We believe such
training is important so that readers can appreciate exactly how the interpretative
task relates to the scale; there is evidence that radiologists score in different ways
when asked to perform the same scoring task because of differences in how they
interpret the task [89]. For example, readers should appreciate how the scale
reflects lesion detection and/or characterization, especially if both are required,
and how multiple abnormalities per unit of analysis are handled. Encouragement
to use the full range of the scale is required for normal rating distributions.
Whether readers must use the same scale for patients with and without pathology
is also important to know.

Despite their importance for understanding the validity of study results, we
found that description of the confidence scores, the ROC curve and its analysis
was often incomplete. Strikingly, only three studies described the distribution of
confidence scores and none stated whether transformation to a normal
distribution was needed. When publically available DBM MRMC software (ref
DBM) is used for ROC AUC modeling, this requires assumptions of normality for
confidence scores or their transformations when ROC curve fitting methods are
used. Where confidence scores are not normally distributed these software
methods are not recommended [84-86,90]. Although Hanley shows that ROC
curves can be reasonable under some distributions of non normal data [91],
concerns have been raised particularly in imaging detection studies measuring
clinically useful tests with good performance to distinguish well defined
abnormalities. In tests with good performance two factors make estimation of
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ROC AUC unreliable. Firstly readers’ scores are by definition often at the ends of
the confidence scale so that the confidence score distributions for normal and
abnormal cases have very little overlap [82-86]. Secondly tests with good
performance also have few false positives making ROC AUC estimation highly
dependent on confidence scores assigned to possibly fewer than 5% or 10% of
cases in the study [86].

Most studies did not describe the method used for curve fitting. Over 40% of
studies presented no ROC curve in the published article. When present, the large
majority were smoothed and averaged over all readers. Only four articles
presented data points underlying the curve meaning that the degree of any
extrapolation could not be assessed despite this being an important factor
regarding interpretation of results [92]. While, by definition, all studies used
MRMC AUC methods, most reported additional non-AUC outcomes.
Approximately one-quarter of studies did not present AUC data for individual
readers. Because of this, variability between readers and/or the effect of individual
readers on the ultimate statistical analysis could not be assessed.

Interpretation of study results was variable. Notably, when no significant
change in AUC was demonstrated, authors stated that the number of cases was
either insufficient or that the difference could not be resolved by the study,
appearing to claim that their studies were underpowered rather than that the
intervention was ineffective when required to improve diagnostic accuracy.
Indeed some studies claimed an advantage for a new test in the face of a non-
significant increase in AUC, or turned to other outcomes as proof of benefit.
Some interpreted no significant difference in AUC as implying equivalence.

Our review does have limitations. Indexing of the statistical methods used to
analyse studies is not common so we used a proxy to identify studies; their
citation of “key” references related to MRMC ROC methodology. While it is
possible we missed some studies, our aim was not to identify all studies using such
analyses. Rather, we aimed to gather a representative sample that would provide a
generalizable picture of how such studies are reported. It is also possible that by
their citation of methodological papers (and on occasion including a ROC
researcher as an author), our review was biased towards papers likely to be of
higher methodological quality than average. This systematic review was cross-
disciplinary and two radiological researchers performed the bulk of the extraction
rather than statisticians. This proved challenging since the depth of statistical
knowledge required was demanding, especially when details of the analysis was
being considered. We anticipated this and piloted extraction on a sample of five
papers to determine if the process was feasible, deciding that it was. Advice from
experienced statisticians was also available when uncertainty arose.

In summary, via systematic review we found that MRMC studies using ROC
AUC as the primary outcome measure often omit important information from
both the study design and analysis, and presentation of results is frequently not
comprehensive. Authors using MRMC ROC analyses should be encouraged to
provide a full description of their methods and results so as to increase
interpretability.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 15/20



@'PLOS | ONE

ROC AUC Systematic Review

Supporting Information

S1 File. Extraction sheet used for the systematic review.
doi:10.1371/journal.pone.0116018.s001 (DOC)

S2 File. Raw data extracted for the systematic review.
doi:10.1371/journal.pone.0116018.s002 (XLS)

S1 PRISMA Checklist.
doi:10.1371/journal.pone.0116018.s003 (DOC)

Author Contributions

Conceived and designed the experiments: TD AAP SH TRF DGA SM. Performed
the experiments: TD AAP SH TRF DGA SM. Analyzed the data: TD AAP SH TRF
DGA SM. Contributed reagents/materials/analysis tools: TD AAP SH TRF DGA
SM. Wrote the paper: TD AAP SH TRF DGA SM.

References

1. Wagner RF, Metz CE, Campbell G (2007) Assessment of medical imaging systems and computer aids:
a tutorial review. Acad Radiol 14: 723-748.

2. Obuchowski NA (2003) Receiver operating characteristic curves and their use in radiology. Radiology
229: 3-8.

3. Obuchowski NA (2005) ROC analysis. AJR Am J Roentgenol 184: 364-372.

4. Obuchowski NA, Beiden SV, Berbaum KS, Hillis SL, Ishwaran H, et al. (2004) Multireader, multicase
receiver operating characteristic analysis: an empirical comparison of five methods. Acad Radiol 11:
980-995.

5. Gallas BD, Chan HP, D’Orsi CJ, Dodd LE, Giger ML, et al. (2012) Evaluating imaging and computer-
aided detection and diagnosis devices at the FDA. Acad Radiol 19: 463-477.

6. Halligan S, Altman DG, Mallett S, Taylor SA, Burling D, et al. (2006) Computed tomographic
colonography: assessment of radiologist performance with and without computer-aided detection.
Gastroenterology 131: 1690-1699.

7. Mallett S, Halligan S, Collins GS, Altman DG (2014) Exploration of analysis methods for diagnostic
imaging tests: Problems woth ROC AUC and confidence scores in CT colonography. PLoS One (in
press).

8. Moher D, Liberati A, Tetzlaff J, Aitman DG, Group P (2009) Preferred reporting items for systematic
reviews and meta-analyses: the PRISMA statement. PLoS Med 6: e1000097.

9. Obuchowski NA, Rockette HE (1995) Hypothesis testing of diagnostic accuracy for multiple observers
and multiple tests: an ANOVA approach with dependent observations. Comm Stat 24: 934—936.

10. Obuchowski NA (1995) Multireader receiver operating characteristic studies: a comparison of study
designs. Acad Radiol 2: 709-716.

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

12. Dorfman DD, Berbaum KS, Lenth RV, Chen YF, Donaghy BA (1998) Monte Carlo validation of a
multireader method for receiver operating characteristic discrete rating data: factorial experimental
design. Acad Radiol 5: 591-602.

13. Hillis SL, Berbaum KS (2005) Monte Carlo validation of the Dorfman-Berbaum-Metz method using
normalized pseudovalues and less data-based model simplification. Acad Radiol 12: 1534-1541.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 16/ 20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116018.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116018.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116018.s003

@'PLOS | ONE

ROC AUC Systematic Review

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29,

30.

31.

32

33.

Hillis SL, Berbaum KS (2004) Power estimation for the Dorfman-Berbaum-Metz method. Acad Radiol
11: 1260-1273.

Hillis SL, Obuchowski NA, Schartz KM, Berbaum KS (2005) A comparison of the Dorfman-Berbaum-
Metz and Obuchowski-Rockette methods for receiver operating characteristic (ROC) data. Stat Med 24:
1579-1607.

Hillis SL (2007) A comparison of denominator degrees of freedom methods for multiple observer ROC
analysis. Stat Med 26: 596-619.

Warren LM, Mackenzie A, Cooke J, Given-Wilson RM, Wallis MG, et al. (2012) Effect of image quality
on calcification detection in digital mammography. Med Phys 39: 3202-3213.

Berbaum KS, Schartz KM, Caldwell RT, EI-Khoury GY, Ohashi K, et al. (2012) Satisfaction of search
for subtle skeletal fractures may not be induced by more serious skeletal injury. J Am Coll Radiol 9: 344—
351.

Destounis S, Somerville P, Murphy P, Seifert P (2011) Perceived sufficiency of full-field digital
mammograms with and without irreversible image data compression for comparison with next-year
mammograms. J Digit Imaging 24: 66—74.

Jinzaki M, Matsumoto K, Kikuchi E, Sato K, Horiguchi Y, et al. (2011) Comparison of CT urography
and excretory urography in the detection and localization of urothelial carcinoma of the upper urinary
tract. ADR Am J Roentgenol 196: 1102—1109.

Krupinski EA, Silverstein LD, Hashmi SF, Graham AR, Weinstein RS, et al. (2012) Observer
performance using virtual pathology slides: impact of LCD color reproduction accuracy. J Digit Imaging
25: 738-743.

Leong DL, Rainford L, Haygood TM, Whitman GJ, Tchou PM, et al. (2012) Verification of DICOM
GSDF in complex backgrounds. J Digit Imaging 25: 662-669.

Nishida K, Yuen S, Kamoi K, Yamada K, Akazawa K, et al. (2011) Incremental value of T2-weighted
and diffusion-weighted MRI for prediction of biochemical recurrence after radical prostatectomy in
clinically localized prostate cancer. Acta Radiol 52: 120-126.

Obuchowski NA, Meziane M, Dachman AH, Lieber ML, Mazzone PJ (2010) What’s the control in
studies measuring the effect of computer-aided detection (CAD) on observer performance? Acad Radiol
17: 761-767.

Okamoto S, Shiga T, Hattori N, Kubo N, Takei T, et al. (2011) Semiquantitative analysis of C-11
methionine PET may distinguish brain tumor recurrence from radiation necrosis even in small lesions.
Ann Nucl Med 25: 213-220.

Reed WM, Ryan JT, McEntee MF, Evanoff MG, Brennan PC (2011) The effect of abnormality-
prevalence expectation on expert observer performance and visual search. Radiology 258: 938—-943.

Svane G, Azavedo E, Lindman K, Urech M, Nilsson J, et al. (2011) Clinical experience of photon
counting breast tomosynthesis: comparison with traditional mammography. Acta Radiol 52: 134-142.

Szucs-Farkas Z, Kaelin |, Flach PM, Rosskopf A, Ruder TD, et al. (2010) Detection of chest trauma
with whole-body low-dose linear slit digital radiography: a multireader study. AJR Am J Roentgenol 194:
W388-395.

Webb LJ, Samei E, Lo JY, Baker JA, Ghate SV, et al. (2011) Comparative performance of multiview
stereoscopic and mammographic display modalities for breast lesion detection. Med Phys 38: 1972—
1980.

Yakabe M, Sakai S, Yabuuchi H, Matsuo Y, Kamitani T, et al. (2010) Effect of dose reduction on the
ability of digital mammography to detect simulated microcalcifications. J Digit Imaging 23: 520-526.

Zanca F, Hillis SL, Claus F, Van Ongeval C, Celis V, et al. (2012) Correlation of free-response and
receiver-operating-characteristic area-under-the-curve estimates: results from independently conducted
FROCROC studies in mammography. Med Phys 39: 5917-5929.

Aoki T, Oda N, Yamashita Y, Yamamoto K, Korogi Y (2011) Usefulness of computerized method for
lung nodule detection in digital chest radiographs using temporal subtraction images. Acad Radiol 18:
1000-1005.

Aoki T, Oda N, Yamashita Y, Yamamoto K, Korogi Y (2012) Usefulness of computerized method for
lung nodule detection on digital chest radiographs using similar subtraction images from different
patients. Eur J Radiol 81: 1062—-1067.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 17 1 20



@'PLOS | ONE

ROC AUC Systematic Review

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Berg WA, Madsen KS, Schilling K, Tartar M, Pisano ED, et al. (2012) Comparative effectiveness of
positron emission mammography and MRI in the contralateral breast of women with newly diagnosed
breast cancer. AJR Am J Roentgenol 198: 219-232.

Bilello M, Suri N, Krejza J, Woo JH, Bagley LJ, et al. (2010) An approach to comparing accuracies of
two FLAIR MR sequences in the detection of multiple sclerosis lesions in the brain in the absence of gold
standard. Acad Radiol 17: 686—695.

Choi HJ, Lee JH, Kang BS (2012) Remote CT reading using an ultramobile PC and web-based remote
viewing over a wireless network. J Telemed Telecare 18: 26-31.

Cole EB, Toledano AY, Lundqvist M, Pisano ED (2012) Comparison of radiologist performance with
photon-counting full-field digital mammography to conventional full-field digital mammography. Acad
Radiol 19: 916-922.

Collettini F, Martin JC, Diekmann F, Fallenberg E, Engelken F, et al. (2012) Diagnostic performance
of a Near-Infrared Breast Imaging system as adjunct to mammography versus X-ray mammography
alone. Eur Radiol 22: 350-357.

Dachman AH, Obuchowski NA, Hoffmeister JW, Hinshaw JL, Frew MI, et al. (2010) Effect of
computer-aided detection for CT colonography in a multireader, multicase trial. Radiology 256: 827-835.

Dromain C, Thibault F, Diekmann F, Fallenberg EM, Jong RA, et al. (2012) Dual-energy contrast-
enhanced digital mammaography: initial clinical results of a multireader, multicase study. Breast Cancer
Res 14: R9%4.

Gennaro G, Toledano A, di Maggio C, Baldan E, Bezzon E, et al. (2010) Digital breast tomosynthesis
versus digital mammography: a clinical performance study. Eur Radiol 20: 1545-1553.

Hupse R, Samulski M, Lobbes MB, Mann RM, Mus R, et al. (2013) Computer-aided detection of
masses at mammography: interactive decision support versus prompts. Radiology 266: 123-129.

Kelly KM, Dean J, Lee SJ, Comulada WS (2010) Breast cancer detection: radiologists’ performance
using mammography with and without automated whole-breast ultrasound. Eur Radiol 20: 2557-2564.

Kim H, Choi D, Lee JH, Lee SJ, Jo H, et al. (2012) High-risk esophageal varices in patients treated with
locoregional therapy for hepatocellular carcinoma: assessment with liver computed tomography.
World J Gastroenterol 18: 4905-4911.

Kim S, Yoon CS, Ryu JA, Lee S, Park YS, et al. (2010) A comparison of the diagnostic performances of
visceral organ-targeted versus spine-targeted protocols for the evaluation of spinal fractures using
sixteen-channel multidetector row computed tomography: is additional spine-targeted computed
tomography necessary to evaluate thoracolumbar spinal fractures in blunt trauma victims? J Trauma 69:
437-446.

Li F, Engelmann R, Pesce L, Armato SG 3rd, Macmahon H (2012) Improved detection of focal
pneumonia by chest radiography with bone suppression imaging. Eur Radiol 22: 2729-2735.

Li F, Engelmann R, Pesce LL, Doi K, Metz CE, et al. (2011) Small lung cancers: improved detection by
use of bone suppression imaging—comparison with dual-energy subtraction chest radiography.
Radiology 261: 937-949.

Li F, Hara T, Shiraishi J, Engelmann R, MacMahon H, et al. (2011) Improved detection of subtle lung
nodules by use of chest radiographs with bone suppression imaging: receiver operating characteristic
analysis with and without localization. AJR Am J Roentgenol 196: W535-541.

Matsushima M, Naganawa S, lkeda M, Itoh S, Ogawa H, et al. (2010) Diagnostic value of SPIO-
mediated breath-hold, black-blood, fluid-attenuated, inversion recovery (BH-BB-FLAIR) imaging in
patients with hepatocellular carcinomas. Magn Reson Med Sci 9: 49-58.

McNulty JP, Ryan JT, Evanoff MG, Rainford LA (2012) Flexible image evaluation: iPad versus
secondary-class monitors for review of MR spinal emergency cases, a comparative study. Acad Radiol
19: 1023-1028.

Medved M, Fan X, Abe H, Newstead GM, Wood AM, et al. (2011) Non-contrast enhanced MRI for
evaluation of breast lesions: comparison of non-contrast enhanced high spectral and spatial resolution
(HiSS) images versus contrast enhanced fat-suppressed images. Acad Radiol 18: 1467-1474.

Mermuys K, De Geeter F, Bacher K, Van De Moortele K, Coenegrachts K, et al. (2010) Digital
tomosynthesis in the detection of urolithiasis: Diagnostic performance and dosimetry compared with
digital radiography with MDCT as the reference standard. AJR Am J Roentgenol 195: 161-167.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 18 /20



@'PLOS | ONE

ROC AUC Systematic Review

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Moin P, Deshpande R, Sayre J, Messer E, Gupte S, et al. (2011) An observer study for a computer-
aided reading protocol (CARP) in the screening environment for digital mammography. Acad Radiol 18:
1420-1429.

Muramatsu C, Schmidt RA, Shiraishi J, Li Q, Doi K (2010) Presentation of similar images as a
reference for distinction between benign and malignant masses on mammograms: analysis of initial
observer study. J Digit Imaging 23: 592—-602.

Noroozian M, Hadjiiski L, Rahnama-Moghadam S, Klein KA, Jeffries DO, et al. (2012) Digital breast
tomosynthesis is comparable to mammographic spot views for mass characterization. Radiology 262:
61-68.

Ohgiya Y, Suyama J, Seino N, Hashizume T, Kawahara M, et al. (2012) Diagnostic accuracy of ultra-
high-b-value 3.0-T diffusion-weighted MR imaging for detection of prostate cancer. Clin Imaging 36: 526—
531.

Otani H, Nitta N, lkeda M, Nagatani Y, Tanaka T, et al. (2012) Flat-panel detector computed
tomography imaging: observer performance in detecting pulmonary nodules in comparison with
conventional chest radiography and multidetector computed tomography. J Thorac Imaging 27: 51-57.

Padilla F, Roubidoux MA, Paramagul C, Sinha SP, Goodsitt MM, et al. (2013) Breast mass
characterization using 3-dimensional automated ultrasound as an adjunct to digital breast
tomosynthesis: a pilot study. J Ultrasound Med 32: 93—104.

Pollard BJ, Samei E, Chawla AS, Beam C, Heyneman LE, et al. (2012) The effects of ambient lighting
in chest radiology reading rooms. J Digit Imaging 25: 520-526.

Purysko AS, Remer EM, Coppa CP, Obuchowski NA, Schneider E, et al. (2012) Characteristics and
distinguishing features of hepatocellular adenoma and focal nodular hyperplasia on gadoxetate
disodium-enhanced MRI. ADR Am J Roentgenol 198: 115-123.

Rafferty EA, Park JM, Philpotts LE, Poplack SP, Sumkin JH, et al. (2013) Assessing radiologist
performance using combined digital mammography and breast tomosynthesis compared with digital
mammography alone: results of a multicenter, multireader trial. Radiology 266: 104—113.

Saade C, Bourne R, Wilkinson M, Evanoff M, Brennan P (2013) A reduced contrast volume
acquisition regimen based on cardiovascular dynamics improves visualisation of head and neck
vasculature with carotid MDCT angiography. Eur J Radiol 82: e64—69.

Salazar AJ, Camacho JC, Aguirre DA (2011) Comparison between differently priced devices for digital
capture of X-ray films using computed tomography as a gold standard: a multireader-multicase receiver
operating characteristic curve study. Telemed J E Health 17: 275-282.

Shimauchi A, Giger ML, Bhooshan N, Lan L, Pesce LL, et al. (2011) Evaluation of clinical breast MR
imaging performed with prototype computer-aided diagnosis breast MR imaging workstation: reader
study. Radiology 258: 696—704.

Shiraishi J, Abe H, Ichikawa K, Schmidt RA, Doi K (2010) Observer study for evaluating potential
utility of a super-high-resolution LCD in the detection of clustered microcalcifications on digital
mammograms. J Digit Imaging 23: 161-169.

Subhas N, Kao A, Freire M, Polster JM, Obuchowski NA, et al. (2011) MRI of the knee ligaments and
menisci: comparison of isotropic-resolution 3D and conventional 2D fast spin-echo sequences at 3 T.
AJR Am J Roentgenol 197: 442—-450.

Sung YM, Chung MJ, Lee KS, Choe BK (2010) The influence of liquid crystal display monitors on
observer performance for the detection of interstitial lung markings on both storage phosphor and flat-
panel-detector chest radiography. Eur J Radiol 74: 275-279.

Svahn TM, Chakraborty DP, lkeda D, Zackrisson S, Do Y, et al. (2012) Breast tomosynthesis and
digital mammography: a comparison of diagnostic accuracy. Br J Radiol 85: e1074—1082.

Takahashi N, Tsai DY, Lee Y, Kinoshita T, Ishii K, et al. (2010) Usefulness of z-score mapping for
quantification of extent of hypoattenuation regions of hyperacute stroke in unenhanced computed
tomography: analysis of radiologists’ performance. J Comput Assist Tomogr 34: 751-756.

Tan T, Platel B, Huisman H, Sanchez CI, Mus R, et al. (2012) Computer-aided lesion diagnosis in
automated 3-D breast ultrasound using coronal spiculation. IEEE Trans Med Imaging 31: 1034—1042.

Timp S, Varela C, Karssemeijer N (2010) Computer-aided diagnosis with temporal analysis to improve
radiologists’ interpretation of mammographic mass lesions. IEEE Trans Inf Technol Biomed 14: 803—808.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 19/20



@'PLOS | ONE

ROC AUC Systematic Review

72

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Toomey RJ, Ryan JT, McEntee MF, Evanoff MG, Chakraborty DP, et al. (2010) Diagnostic efficacy of
handheld devices for emergency radiologic consultation. ADR Am J Roentgenol 194: 469-474.

Uchiyama Y, Asano T, Kato H, Hara T, Kanematsu M, et al. (2012) Computer-aided diagnosis for
detection of lacunar infarcts on MR images: ROC analysis of radiologists’ performance. J Digit Imaging
25: 497-503.

Visser R, Veldkamp WJ, Beijerinck D, Bun PA, Deurenberg JJ, et al. (2012) Increase in perceived
case suspiciousness due to local contrast optimisation in digital screening mammography. Eur Radiol
22: 908-914.

Wallis MG, Moa E, Zanca F, Leifland K, Danielsson M (2012) Two-view and single-view tomosynthesis
versus full-field digital mammography: high-resolution X-ray imaging observer study. Radiology 262:
788-796.

Wardlaw JM, von Kummer R, Farrall AJ, Chappell FM, Hill M, et al. (2010) A large web-based
observer reliability study of early ischaemic signs on computed tomography. The Acute Cerebral CT
Evaluation of Stroke Study (ACCESS). PLoS One 5: e15757.

Way T, Chan HP, Hadjiiski L, Sahiner B, Chughtai A, et al. (2010) Computer-aided diagnosis of lung
nodules on CT scans: ROC study of its effect on radiologists’ performance. Acad Radiol 17: 323-332.

Yamada Y, Jinzaki M, Hasegawa I, Shiomi E, Sugiura H, et al. (2011) Fast scanning tomosynthesis for
the detection of pulmonary nodules: diagnostic performance compared with chest radiography, using
multidetector-row computed tomography as the reference. Invest Radiol 46: 471-477.

Yamada Y, Mori H, Hijiya N, Matsumoto S, Takaji R, et al. (2012) Extrahepatic bile duct cancer:
invasion of the posterior hepatic plexuses—evaluation using multidetector CT. Radiology 263: 419-428.

Yoshida A, Tha KK, Fujima N, Zaitsu Y, Yoshida D, et al. (2013) Detection of brain metastases by 3-
dimensional magnetic resonance imaging at 3 T: comparison between T1-weighted volume isotropic
turbo spin echo acquisition and 3-dimensional T1-weighted fluid-attenuated inversion recovery imaging.
J Comput Assist Tomogr 37: 84—-90.

v2.1 DMs. Available: http://www-radiology.uchicago.edu/krl/KRL_ROC/software_index6.htm.

Gur D, Rockette HE, Bandos Al (2007) “Binary” and ‘“non-binary” detection tasks: are current
performance measures optimal? Acad Radiol 14: 871-876.

Dorfman DD, Berbaum KS, Brandser EA (2000) A contaminated binormal model for ROC data: Part .
Some interesting examples of binormal degeneracy. Acad Radiol 7: 420—426.

Baker ME, Bogoni L, Obuchowski NA, Dass C, Kendzierski RM, et al. (2007) Computer-aided
detection of colorectal polyps: can it improve sensitivity of less-experienced readers? Preliminary
findings. Radiology 245: 140-149.

Zhou XH, Obuchowski N, McClish DK (2002) Statistical methods in diagnostic medicine. New York NY:
Wiley.

Mallett S, Halligan S, Collins GS, Altman DG (2014) Exploration of Analysis Methods for Diagnostic
Imaging Tests: Problems with ROC AUC and Confidence Scores in CT Colonography. PLoS One 9:
e107633.

Shiraishi J, Pesce LL, Metz CE, Doi K (2009) Experimental design and data analysis in receiver
operating characteristic studies: lessons learned from reports in radiology from 1997 to 2006. Radiology
253: 822-830.

Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, et al. (2003) Towards complete and
accurate reporting of studies of diagnostic accuracy: The STARD Initiative. Radiology 226: 24-28.

Harrington MB (1990) Some methodological questions concerning receiver operating characteristic
(ROC) analysis as a method for assessing image quality in radiology. J Digit Imaging 3: 211-218.

Petrick N, Haider M, Summers RM, Yeshwant SC, Brown L, et al. (2008) CT colonography with
computer-aided detection as a second reader: observer performance study. Radiology 246: 148—156.

Hanley JA (1988) The robustness of the “binormal” assumptions used in fitting ROC curves. Med Decis
Making 8: 197-203.

Gur D, Bandos Al, Rockette HE (2008) Comparing areas under receiver operating characteristic
curves: potential impact of the “Last” experimentally measured operating point. Radiology 247: 12—15.

PLOS ONE | DOI:10.1371/journal.pone.0116018 December 26, 2014 20/20


http://www-radiology.uchicago.edu/krl/KRL_ROC/software_index6.htm

	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	TABLE_1
	Section_13
	Figure 1
	Section_14
	Figure 2
	Section_15
	Section_16
	Section_17
	Section_18
	Figure 3
	Section_19
	Section_20
	Section_21
	Section_22
	Section_23
	Section_24
	Section_25
	Section_26
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68
	Reference 69
	Reference 70
	Reference 71
	Reference 72
	Reference 73
	Reference 74
	Reference 75
	Reference 76
	Reference 77
	Reference 78
	Reference 79
	Reference 80
	Reference 81
	Reference 82
	Reference 83
	Reference 84
	Reference 85
	Reference 86
	Reference 87
	Reference 88
	Reference 89
	Reference 90
	Reference 91
	Reference 92

