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Purpose: To provide a broad perspective concerning the recent use
of receiver operating characteristic (ROC) analysis in
medical imaging by reviewing ROC studies published in
Radiology between 1997 and 2006 for experimental de-
sign, imaging modality, medical condition, and ROC para-
digm.

Materials and
Methods:

Two hundred ninety-five studies were obtained by con-
ducting a literature search with PubMed with two criteria:
publication in Radiology between 1997 and 2006 and oc-
currence of the phrase “receiver operating characteristic.”
Studies returned by the query that were not diagnostic
imaging procedure performance evaluations were ex-
cluded. Characteristics of the remaining studies were tab-
ulated.

Results: Two hundred thirty-three (79.0%) of the 295 studies re-
ported findings based on observers’ diagnostic judgments or
objective measurements. Forty-three (14.6%) did not in-
clude human observers, with most of these reporting an
evaluation of a computer-aided diagnosis system or func-
tional data obtained with computed tomography (CT) or
magnetic resonance (MR) imaging. The remaining 19 (6.4%)
studies were classified as reviews or meta-analyses and were
excluded from our subsequent analysis. Among the various
imaging modalities, MR imaging (46.0%) and CT (25.7%)
were investigated most frequently. Approximately 60% (144
of 233) of ROC studies with human observers published in
Radiology included three or fewer observers.

Conclusion: ROC analysis is widely used in radiologic research, con-
firming its fundamental role in assessing diagnostic perfor-
mance. However, the ROC studies reported in Radiology
were not always adequate to support clear and clinically
relevant conclusions.
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Receiver operating characteristic
(ROC) analysis is a method based
on signal detection theory (1) that

was introduced into medicine by Lusted
(2) in the 1960s and further delineated
later (3). Since the early 1970s, ROC
analysis has been used in the field of ra-
diology for evaluation of radiologic imag-
ing systems (4–9).

In general, substantial time and re-
sources are necessary to decide whether
a new diagnostic technology will have a
useful effect on patient care. Because of
this and ethical concerns, technologies
are usually assessed in a stepwise fashion
by progressively quantifying more di-
rectly relevant characteristics, though at
increasingly greater cost and often with
less rigidly controlled potential cofactors.
One way to look at this progression is in
terms of the six levels of diagnostic effi-

cacy introduced by Fryback and Thorn-
bury (10), which range from technical fi-
delity to the impact of a new diagnostic
device on a society’s well-being. ROC
analysis assesses efficacy at the second
level, which is diagnostic accuracy.

ROC analysis has evolved steadily
during the past several decades, allowing
researchers to analyze increasingly com-
plex experimental designs and, thereby,
to be increasingly confident in the result-
ing claims. Although a review article has
covered recent developments in the field
(11), 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. By com-
paring the work published with the tech-
niques available, one can not only obtain
perspective on the types of analysis done
in the field, but one can also learn much
concerning the strength of the conclu-
sions that can be drawn from those pub-
lished manuscripts.

It is also worthwhile to ask whether
we can draw lessons for the design of
future studies from those that have al-
ready been published. For better or
worse, it is common to design future ex-
periments on the basis of previously pub-
lished ones. We want to see whether the
previously published experiments provide
the basis for a good standard. Several
comprehensive reviews (12–16) have
surveyed design issues in medical diag-
nostics experiments. We chose to focus
on Radiology because a large number of
manuscripts in which ROC analysis re-
sults are reported are published in it,
thereby providing an opportunity for us to
analyze a pool of studies that had been
subjected to similar peer-review criteria.

Thus, the purpose of our study was to
provide a broad perspective concerning
the use of ROC analysis in medical imag-
ing by reviewing studies published in Ra-
diology between 1997 and 2006 for ex-
perimental design, imaging modalities,
medical conditions, and ROC paradigms.

Materials and Methods

No authors contributed to the develop-
ment of the commercial software pro-
grams listed in our study.

This study was exempt from re-

view by our institutional review board
because no human subjects were used.
A literature search for studies pub-
lished in Radiology between January
1997 and December 2006 was per-
formed by using PubMed to access the
MEDLINE database (http://www
.ncbi.nlm.nih.gov/pubmed/) and the
Radiology Web site (http://radiology
.rsna.org/) search tool to access arti-
cles by using the phrase “receiver
operating characteristic.” For the
PubMed and Radiology searches, the
query returned a total of 299 and 260
articles, respectively. After removing
the articles that were not relevant to
this research (ie, those that were not
published in the selected time frame
or that included “receiver operating
characteristic” in the text but did not
use ROC analysis), we obtained a total
of 295 ROC studies.

We reviewed these 295 articles ac-
cording to 16 considerations: (a) in-
clusion of human observers (reviews
and meta-analyses were excluded
from further analysis), (b) the general
purpose of the ROC analysis, (c) im-
aging modality, (d) radiology subspe-
cialty, (e) ROC paradigm, (f) type of
reference standard, (g) ROC study
design, (h) number of observers,
(i) number of cases with positive or
negative findings included in the anal-
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Advances in Knowledge

� Focusing on receiver operating
characteristic (ROC) analysis, this
study provides a broad perspec-
tive on how medical imaging sys-
tems were assessed in Radiology
by reviewing 295 studies pub-
lished between 1997 and 2006.

� The majority of the studies em-
ployed ROC analysis for the pur-
pose of comparing two or more
modalities, methods, or imple-
mentations.

� Nearly 50% of ROC studies in-
volving the assessment of ob-
server performance included
three or fewer radiologists,
thereby seriously challenging the
generalizability of their conclu-
sions to the relevant population of
radiologists.

� Large differences between areas
under the ROC curves were nearly
always found to be significant, re-
gardless of sample size, suggesting
a potential publication bias.

� The information tabulated and
discussed in this study should be
useful to radiology researchers
when planning and publishing
their studies and to clinicians
when trying to interpret the
literature.

SPECIAL REPORT: Receiver Operating Characteristic Analysis in Radiology Shiraishi et al

Radiology: Volume 253: Number 3—December 2009 ▪ radiology.rsna.org 823



ysis, (j) number of categories in the
ordinal scale used to rate cases,
(k) data clustering, (l) method used to
standardize observers’ rating data,
(m) type of signals studied, (n) what
ROC estimates were reported, (o) what
pairs of areas under the ROC curve (AUCs)
(17,18) were found for the modalities
being compared and whether each dif-
ference was considered statistically
significant (if available), and (p) the
software used for data analysis. These
16 considerations are detailed in Ap-
pendix E1 (online).

The original reports were divided
into three subgroups. Subgroup A con-
sisted of reports that included human
observers’ diagnostic judgments or ob-
jective measurements. Subgroup B
(part of subgroup A) consisted of the
reports that specifically included ob-
servers’ diagnostic judgments. Sub-
group C consisted of studies that used

the conventional ROC paradigm.
These subgroups were used because
they represent important types of
studies.

Results

In the following, we report the results
of our literature survey according to
the 16 criteria described in the previ-
ous section.

Study Included Human Observers
Of the 295 retrieved manuscripts, 276
were original reports that used ROC,
free-response ROC (FROC), or alterna-
tive FROC methods. Of these, 233 in-
cluded human observers (Table 1).

General Purpose of ROC Analysis
Most (63.5%) of the studies used ROC
analysis to compare two or more mo-
dalities, methods, or implementations
(eg, different sequences or contrast
agents in magnetic resonance [MR]
imaging, different compression ratios
in digital radiography) (Table 2). Six-

teen studies (5.8%) were designed to
evaluate or compare the performance
levels of human observers (eg, faculty
radiologists vs residents). Seventy
(25.4%) studies focused on measuring
the performance of a technology (usu-
ally newer) without any direct com-
parison to alternative diagnostic mo-
dalities. Estimation of optimal cutoff
values was attempted in only 15 ROC
studies (5.4%).

Imaging Modalities
In 187 (67.8%) of 276 ROC studies, one
imaging modality was evaluated; in 77
(27.9%), two modalities were evaluated;
and in 12 (4.3%), three or more modali-
ties were evaluated. A broad distribution
of modalities was assessed by using ROC
analysis, with MR imaging (127 studies;
46.0%) and computed tomography (CT)
(71 studies; 25.7%) analyzed most fre-
quently (Fig 1).

Radiology Subspecialty
Breast (18.8%), gastrointestinal (25.4%),
thoracic (15.6%), and genitourinary

Figure 1

Figure 1: Bar graph of imaging modalities used in ROC studies. Number to right of each bar is number of
studies in which that modality was used. Sum of data does not equal number of studies because some studies
used more than one modality. Denominator for percentages was number of studies (n � 276). CAD � com-
puter-aided diagnosis, CR/DR � computed radiography/digital radiography, DSA � digital subtraction an-
giography, PACS � picture archiving and communication system, PET/SPECT � positron emission tomog-
raphy/single photon emission computed tomography, US � ultrasonography.

Table 1

Presence of Observer Data in 295 ROC
Studies

Type of Data
No. of
Studies

Observers’ diagnostic judgments 194 (65.8)
Observers’ objective

measurements 39 (13.2)
No observer ratings 43 (14.6)
Review of ROC studies or

statistical issues 4 (1.4)
Meta-analysis 15 (5.1)

Note.—Data in parentheses are percentages.

Table 2

General Purpose of 276 ROC Studies

Purpose
No. of
Studies

Comparison of modalities 65 (23.6)
Comparison of methods or

implementations 110 (39.9)
Evaluation of human performance 16 (5.8)
Evaluation of technology

performance 70 (25.4)
Estimation of optimal cutoffs 15 (5.4)

Note.—Data in parentheses are percentages.
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(11.2%) imaging accounted for 71.0%
of the studies (Table 3).

ROC Paradigm
The conventional ROC paradigm was
used in 242 (87.7%) of 276 studies,
FROC or alternative FROC analysis was
used in 27 (9.8%), both ROC and location
ROC were used in four (1.4%), and both
ROC and FROC or alternative FROC
were used in three (1.1%).

Reference Standard
Reference standards were sometimes
referred to as gold standards in the
literature. Most (60.8%) of the studies
used pathologic or pathologic and clin-
ical data as the reference standard
(Table 4). In those studies, the classi-
fication of a patient as having positive

findings (ie, carrying the disease or
abnormality) was supported by patho-
logic data from surgery or biopsy; for
patients with benign or normal find-
ings, a combination of pathologic find-
ings and clinical judgment (eg, fol-
low-up for a certain period or lack of
symptoms) was considered sufficient.
Imaging modalities that were consid-
ered to be superior were used as the
reference standard in 38 (13.8%) of
276 studies: CT for the evaluation of
chest radiography; optical colonos-
copy, for CT; CT, for angiography and
digital subtraction angiography; and
MR imaging, for US. It is interesting to
note that CT was sometimes used as a
reference standard and sometimes as
the modality undergoing evaluation,
implicitly pointing to a potential
source of bias.

ROC Study Design
In most (55.8%) of the 233 ROC stud-
ies in which observer variation was
considered, the researchers used the
traditional fully crossed design with
paired cases and paired observers
when comparing modalities (Table 5).
However, 84 (36.1%) studies (sub-
group A) were performed without
considering observer variation and,
thus, provided a weaker assessment of
clinical performance. Cases were col-
lected retrospectively in 174 (74.7%)
studies and prospectively in 52
(22.3%); the remaining seven (3.0%)
studies failed to indicate how cases
were collected.

Number of Observers
Most (172 studies; 73.8%) of the 233
ROC studies in subgroup A involved
fewer than five observers, and 28
(12.0%) involved only one observer
(Fig 2). In 78 (54.2%) of the 144 stud-
ies with between two and four observ-
ers, a � statistic or a similar measure
was used to estimate interobserver
variation.

Number of Cases
In most (188 studies; 80.7%) of the
233 studies, researchers based their
conclusions on more than 50 cases,
with most including between 51 and
200 cases (Fig 3).

Number of Categories in the Rating Scale
Table 6 indicates the number or type
of rating categories used in the 194
studies that were based on observers’
diagnostic judgments (subgroup B). In
133 (68.6%) studies, a traditional five-
category ordinal rating scale (includ-
ing the BI-RADS scale) was used;
whereas in only 27 (13.9%), a contin-
uous or quasicontinuous scale was
used. BI-RADS category 0 (“need ad-
ditional imaging evaluation”) is often
used as a flag to recall patients. How-
ever, this creates problems when try-
ing to construct an ordinal scale to be
mapped to an ROC curve because this
category overlaps with all score above
BI-RADS category 2. It is not surpris-
ing, therefore, that nine of the 14
studies in which the BI-RADS scale
was used did not allow radiologists to

Table 3

Radiology Subspecialty of 276 ROC
Studies

Subspecialty No. of Studies

Breast 52 (18.8)
Gastrointestinal 70 (25.4)
Thoracic 43 (15.6)
Vascular and interventional 12 (4.3)
Cardiac 9 (3.3)
Genitourinary 31 (11.2)
Musculoskeletal 27 (9.8)
Neuroradiology 13 (4.7)
Head and neck 6 (2.2)
Gynecology 10 (3.6)
Other 3 (1.1)

Note.—Data in parentheses are percentages.

Table 4

Reference Standard Used in 276 ROC
Studies

Reference Standard No. of Studies

Pathologic 73 (26.4)
Pathologic and clinical 95 (34.4)
Clinical 32 (11.6)
Superior imaging modality 38 (13.8)
Independent panel 16 (5.8)
Phantom or simulation study 22 (8.0)

Note.—Data in parentheses are percentages.

Table 5

Study Design in 233 ROC Studies with Observers

Design No. of Studies

Traditional (paired case, paired observer) 130 (55.8)
Unpaired case, paired observer 5 (2.1)
Paired case, unpaired observer 8 (3.4)
Unpaired case, unpaired observer 4 (1.7)
Hybrid (paired case per observer, paired observer) 2 (0.9)
Paired case without analysis of observer variation 24 (10.3)
Unpaired case without analysis of observer variation 3 (1.3)
Estimation of performance only 57 (24.5)

Note.—Data in parentheses are percentages.
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use category 0. The remaining five
studies did not specify how category 0
was used.

Data Clustering
In 123 (63.4%) of the 194 studies in
subgroup B, nonclustered input data
were used; whereas in 69 (35.6%),
clustered (n � 55) or partially clus-
tered (n � 14) input data were used.
Researchers in two studies did not de-
scribe the nature of their data in
enough detail to indicate whether it
was clustered.

Observer Rating Standardization Method
In 159 (68.2%) of the 233 studies in sub-
group A, researchers used individual ob-
servers’ ratings to estimate observer-
specific ROC, FROC, or alternative FROC
curves. However, in 40 (17.2%) studies,
pooling (n � 20; 8.6%), consensus (n � 13;
5.6%), or averaging (n � 7; 3.0%) were
used to calculate a summary ROC index or
curve. Of the remaining 34 studies, 28 in-
volved a single observer, and researchers in
six didnot describehow theobserver rating
data were standardized.

Type of Signals
In 208 (89.3%) of the 233 subgroup A
studies, actual lesions or clinically impor-
tant features were evaluated. In 22 stud-
ies, researchers used superimposed sim-
ulated signals on clinical images (n � 11)

or used images of phantoms (n � 11) to
increase the number of samples and/or to
control their characteristics. Studies with
simulated and/or phantom images used a
mean of 244.5 cases (range, 20–600
cases), which was more than the mean of
187.7 cases used in studies with actual
lesions, although this difference was not
significant (P � .27). In only three studies
were images of animals used.

ROC Estimates Reported
In 224 (90.0%) of 249 ROC studies de-
scribing the assessment of a medical im-
aging methods (subgroup C), researchers
reported AUCs among their indexes of
accuracy (Fig 4). ROC curves can cross,
potentially rendering significant differ-
ences in AUCs inconclusive because the
modality with the larger AUC could be
inferior for a critical range of specificity
values. However, partial AUC values
were rarely used, and they were only
used in studies of breast imaging. Only
176 (70.7%) of the studies showed any
estimates of the ROC curves themselves.
Sensitivity and specificity were used
nearly as frequently as was AUC, and all
three measures were reported in 172
(69.1%) of the studies.

AUCs and Significance of Their
Differences
We found that studies with nonsignif-
icant findings tended to be relatively

large (Fig 5). In addition, studies with
significant results tended to be larger
when the differences in AUCs were
smaller.

Software
One hundred (40.2%) of the 249 sub-
group C studies used University of Chi-
cago software, whereas 77 (30.9%) did
not indicate what kind of software was
employed (Tables 7 and 8). It should
be noted that no software was avail-
able specifically for FROC or alterna-
tive FROC analysis before 2005, so 25
of the 27 studies that used these meth-
ods employed software designed for

Figures 2, 3

Figure 2: Bar graph of number of observers in 233 subgroup A ROC studies. Figure 3: Bar graph of number of cases (sum of those with positive findings
and those with negative findings) in 233 subgroup A ROC studies.

Table 6

Rating Categorization Used in 194
ROC Studies with Observers’
Diagnostic Judgments

Rating Categorization No. of Studies

No. of categories
10 4 (2.1)
6 4 (2.1)
5 119 (61.3)
4 21 (10.8)

Continuous scale 27 (13.9)
BI-RADS 14 (7.2)
Other 5 (2.6)

Note.—Data in parentheses are percentages. BI-
RADS � Breast Imaging Reporting and Data System.
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other types of analysis or in-house im-
plementations. Investigators in two
recent studies (19,20) that used FROC
or alternative FROC analysis used software

(JAFROC; http://www.devchakraborty
.com/JAFROC.html) dedicated to this type
of analysis that can be downloaded without
a charge.

Discussion

It is important for both investigators and
readers of the radiologic literature to
carefully consider the use of ROC and
related methods, which are steadily be-
coming more widely employed. Attention
must also be paid to new developments,
such as FROC and alternative FROC anal-
ysis, which are likely to become more
common in the future.

Among the 276 original research ar-
ticles that we found in Radiology, re-
searchers in a large fraction (79.0%) de-
scribed observer performance. More-
over, in most (83.3%) of these studies,
diagnostic judgments, as opposed to
other simpler tasks, were evaluated.
These percentages may reflect the spec-
trum of manuscripts that are submitted to
Radiology and/or the biases of the jour-
nal’s editor and reviewers. However, they
are consistent with a conjecture that the
readers of Radiology prefer investigations
in which an attempt is made to describe
the effect of specific technologies on phy-
sician performance under reasonably re-
alistic conditions, which is the main pur-
pose of a clinical journal.

Our findings indicate that ROC anal-
ysis has been used mainly to compare the
diagnostic performance of two or more
modalities, methods, or implementa-
tions, which is the most reasonable ap-
proach when an already accepted and val-
idated technology is available. However,
ROC analysis is also useful to evaluate and
optimize a new technology or implemen-

Figure 4

Figure 4: Bar graph of data reported in 249 ROC studies. Percentages do not sum to 100 because some studies
reported more than one output value. NPV**�negative predictive value, PPV*�positive predictive value.

Figure 5

Figure 5: Scatterplot of the relationship between differences in pairs of AUCs obtained when comparing two
different treatments and AUC for the inferior treatment in each pair, with indication of finding significance and num-
ber of cases in the key. Two ROC studies (arrows) were performed by the same research group and employed a simi-
lar experimental design (phantom images as a clustered case sample; four observers; LABMRMC software used).
Most likely cause of nonsignificant results is a small number of observers. Dashed line� theoretical maximum
difference in AUC for the AUC for inferior treatment. Not SIG.�not significant, SIG.� significant.

Table 7

Software Used in 249 ROC Studies

Software or Source No. of Studies

University of Chicago* 100 (40.2)
SPSS 18 (7.2)
SAS/STAT 17 (6.8)
University of Iowa† 13 (5.2)
STATA 6 (2.4)
MedCalc 3 (1.2)
Other 15 (6.0)
Unknown 77 (30.9)

Note.—Software developers are listed in table 8. Data
in parentheses are percentages.

* ROCFIT, ROCKIT, CORROC2, CLABROC, LABROC,
PROPROC, and LABMRMC.
† RSCORE and DBM-MRMC.
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tation independently from alternatives
(eg, using cost-benefit analysis or clinical
evidence to optimize the cutoffs used to
make clinical decisions).

It is not surprising that MR imaging
(46.0%) and CT (25.7%) were the most
commonly analyzed modalities, given that
they are generally more expensive and
more advanced than most other radio-
logic techniques. However, it is interest-
ing that US is almost as commonly studied
as is digital radiography, suggesting that
US is commanding widespread research
interest despite, or perhaps because of,
its relatively low cost. However, the num-
ber of ROC studies on US is small com-
pared with that on MR imaging or CT.
Perhaps this is owing, at least in part, to
experimental design issues that are spe-
cific to US images, which in clinical prac-
tice are partially or largely analyzed dur-
ing image acquisition, thereby rendering
reader studies difficult.

Because lung cancer is the leading
cause of cancer death, and breast cancer
is the second most common cause of can-

cer death among women, it is not surpris-
ing that breast and lung were the two
most frequently investigated organs in
our literature search. Moreover, current
debate concerning the usefulness of
breast cancer screening (23) provides ad-
ditional motivation for active research in
that field.

The dominance (90.2%) of the conven-
tional ROC paradigm might have been par-
tially caused by the fact that location analy-
sis tools are relatively new and have not yet
been quantitatively related to higher levels
of diagnostic efficacy (10), whereas conven-
tional ROC analysis is intimately connected
with cost-benefit analysis (7). Comparison
of observer study paradigms is still very
much an open field of research, and the
ultimate implications of different paradigms
are not yet evident.

The reference standard used to estab-
lish the presence of a condition in an ROC
study is a fundamental factor in assessing
its value. A few examples may help clarify
this issue. If the reference standard was
determined by consensus—what we cat-

egorized as an independent panel of ex-
perts—then the estimated performance
of the treatment is likely to be biased be-
cause experts can be wrong or disagree.
On the other hand, when the study was
designed to compare the performance of
a new modality against the established
one, which was also used as the reference
standard (an approach frequently used in
colonoscopy), there is essentially the cer-
tainty of a bias in favor of the established
modality (24). A more subtle bias occurs
when lesions detected only with the con-
ventional modality are more likely to be
included in the study as having positive
findings than are lesions detected only
with the new technology. This is not
strictly an issue of reference standard,
because usually the reference standard of
the cases is established accurately and in-
dependently. However, cases are usually
selected by using the conventional modal-
ity because they are judged to have stron-
ger evidence for the presence of a condi-
tion, thereby potentially introducing bias
(25,26).

Table 8

Source and Description of Software Most Commonly Used in 295 ROC Studies

Software Developer Description

RSCORE University of Iowa, Iowa City, Iowa* First released that is based on binormal model for discrete data
ROCFIT University of Chicago, Chicago, Ill† Fits ROC curves with conventional binormal model; based on RSCORE2 (University of Iowa) with

different maximum likelihood estimation algorithm
CORROC‡ University of Chicago† Tests differences between ROC curves estimated from fully paired data
LABROC5‡ University of Chicago† Fits ROC curves to continuously distributed data with conventional binormal model
CLABROC‡ University of Chicago† Generalization of CORROC that applies to continuously distributed data
ROCKIT University of Chicago† Generalization of CLABROC that applies to fully and partially paired data
PROPROC University of Chicago† Fits ROC curves with proper binormal model (21)
LABMRMC University of Chicago† Uses jackknife method to test differences between ROC curves estimated with LABROC5 algorithm
DBM-MRMC University of Chicago† and University of Iowa* Uses jackknife method to test differences between ROC curves estimated from fully crossed

multireader multicase confidence-rating data (22)
STATA StataCorp, College Station, Tex§ Commercial
SPSS SPSS, Chicago, Ill� Commercial
AccROC Accumetric, Montreal, Quebec# Commercial
SAS/STAT SAS Institute, Cary, NC** Commercial
MedCalc MedCalc Software, Mariakerke, Belgium†‡ Commercial

Note.—Software is free unless it is described as commercial.

* http://perception.radiology.uiowa.edu.
† http://www-radiology.uchicago.edu/krl.
‡ CORROC, LABROC5, and CLABROC are not available separately but are incorporated into ROCFIT.
§ http://www.stata.com.
� http://www.spss.com.
# http://www.accumetric.com.

** http://www.sas.com.
†† http://www.medcalc.be.
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We conjecture that the most likely
reasons for the dominance of the fully
crossed experimental design are that it is
the most powerful for detecting differ-
ences in performance and that it is the
design for which ROC analysis tools have
been available for the longest time
(11,27). However, other experimental
designs may be dictated by particular ex-
perimental goals and practical constraints
(eg, comparisons of US with MR imaging
do not lend themselves to fully crossed
designs because images from these two
modalities are usually read by different
radiologists).

The significance of differences be-
tween index values of new technologies,
such as computer-aided diagnosis, is of-
ten first tested by accounting only for case
variation—how much an accuracy index
estimate would be expected to vary if the
experiment were repeated with indepen-
dently drawn and identically sized case
samples but with a fixed image observer
or set of observers. This approach to test-
ing does not fully indicate how a technol-
ogy will affect medical practice because it
provides no information about how con-
sistently different radiologists or physi-
cians can or will use it. However, such
tests can be useful in deciding whether a
new tool is capable, in principle, of pro-
viding useful information about a disease.
When only case-sample variation is taken
into account, the standard error of any
single AUC estimate can be approximated
(11). One should note that (a) small data
sets yield large uncertainties (eg, for 30
cases with positive findings and 30 cases
with negative findings, the 95% confi-
dence interval covers nearly 40% of all
possible results), (b) unbalanced data
yield relatively large uncertainties given a
particular total number of cases, and
(c) uncertainty drops slowly as the total
number of cases increases. Including a
large number of cases in an observer
study may reduce observers’ motivation
to complete the study without loss of con-
centration, however. Therefore, one
must choose the number of cases for the
observer study by taking into account es-
timates of both the mean reading time
required per case and the number of
cases that observers can read without ap-
preciable fatigue during one interpreta-

tion session or a small number of them.
Moreover, the advantage of performing
experiments that mimic clinical practice
as closely as possible usually requires the
use of unbalanced data sets, because clin-
ical disease prevalence is usually far be-
low 50%.

Studies that pair cases across modal-
ities are more powerful than studies that
sample cases independently across mo-
dalities for demonstrating the significance
of real differences. We found that the ma-
jority of ROC studies published in Radiol-
ogy must be considered exploratory stud-
ies from the case-variation point of view.
Use of paired cases reduces the width of
the confidence interval on any difference
but not substantially in many situations.
If, as often happens, cases are selectively
chosen rather than randomly sampled,
study results are likely to be even less
generalizable.

Observer variability is caused by dif-
ferences in training, experience, and
other factors (11,28). We found that
nearly 50% of all studies published in Ra-
diology included three or fewer observ-
ers. These small numbers of observers
raise questions such as the following:
(a) To what extent can a study performed
with three or four observers represent the
radiologic community? (b) What knowl-
edge about the variation in performance of
a technology is provided by a study per-
formed with two attending radiologists
from a research institution and their three
residents? (c) How much are the results of
such a study affected by the practical details
of its experimental design? However, there
are situations where a small number of ob-
servers can be acceptable. Some examples
include preliminary studies, situations
where it is impossible or impractical to ob-
tain a larger sample of radiologists (because
few radiologists work in a subspecialty or
because the effect of a study is too small to
justify a higher cost), and situations where
independent prestudy evidence suggests
very low reader variability.

Many methods for rating cases are
used in ROC studies. Ordinal five-cate-
gory scales were ubiquitous in ROC re-
search published more than 20 years
ago, so tradition may be at least par-
tially responsible for the widespread use
of those scales today. However, a few sim-

ple points concerning such rating scales
(11) must be noted: (a) When few (eg, less
than five) rating categories are available, it
is nearly impossible to obtain a reliable es-
timate of AUC and of many other ROC in-
dexes unless the resulting operating points
are well distributed along the ROC curve.
(b) The BI-RADS categories themselves are
problematic when estimating ROC indexes.
(c) Nominally continuous scales, especially
those used by observers to estimate proba-
bility or odds, are often practically equiva-
lent to 10- or 20-category scales. (d) When
an observer’s operating points (ie, combi-
nations of sensitivity and specificity) from
which an ROC curve is to be estimated are
poorly distributed, most ROC index esti-
mates tend to be heavily biased in practice,
and any comparisons that are based on
them may be nearly meaningless.

Additionally, data in radiologic re-
search are often clustered (eg, most pa-
tients have two lungs and most women
have two breasts). Analyzing clustered
data as if they were independent pro-
duces estimates of uncertainty that are
too small; we tend to be more confident in
our conclusions than we should be. Thus,
when the data in an evaluation study are
naturally clustered, it is necessary to care-
fully look at the statistical analysis the
study employs and the conclusions the
researchers draw.

Our observation that 68.2% of the
studies analyzed different observers’ rat-
ings independently shows that research-
ers tend to be mindful to the fact that
observers use rating scales differently and
are concerned that pooling observers
nearly always distorts the performance of
diagnostic devices. In contrast, the 8.6%
of the studies that pooled observers’ find-
ings must be interpreted with great cau-
tion because their results are likely to in-
clude bias in an unknown direction, un-
less observers used each study’s rating
scale in a standardized way, which expe-
rience shows is rare.

The fact that most of the studies in our
literature survey used actual lesions is con-
sistent with a more clinical approach that
may come close to representing real-world
medical practice. In addition, it is consistent
with the use of phantom images partially to
achieve greater statistical power.

We found that studies with nonsignif-
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icant findings tended to be relatively
large, consistent with the tendency to
publish the findings of these trials only if
they are of high quality—an example of
so-called publication bias (29). Moreover,
studies with significant results tended to
be larger when the differences in AUCs
were smaller, which seems to be a conse-
quence of the effort needed to prove that
small differences are real differences.
However, this may be another example of
publication bias: Small studies are pub-
lished only when the findings are signifi-
cant, thereby providing a highly skewed
impression. Large AUC differences are
almost exclusively populated in studies
with significant findings with no particular
trend in terms of study size, suggesting a
potential publication bias.

One finding of our research was the
heterogeneity of the data reported in the
studies. The results of each study are thus
difficult to put in context and even more
difficult to use to design future experi-
ments. We believe that authors of future
studies that describe ROC analysis should
give greater consideration to the “Report-
ing the Results” section of report 79 (26)
of the International Commission on Radi-
ation Units and Measurements and the
references therein.

In conclusion, appropriate experi-
mental design and data analysis are key
requirements for successful observer per-
formance studies. However, the ROC
studies reported in Radiology between
1997 and 2006 were not always adequate
and contained some mistakes that oc-
curred frequently, which suggests that au-
thors and readers should not refer to pre-
vious work without careful consideration
of the strengths and weaknesses of the
individual study when trying to under-
stand or design a research study.
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