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Purpose: To retrospectively determine the sensitivity of and number
of false-positive marks made by a commercially available
computer-aided detection (CAD) system for identifying
lung cancers previously missed on chest radiographs by
radiologists, with histopathologic results as the reference
standard.

Materials and
Methods:

Institutional review board approval was obtained for this
HIPAA-compliant study; the requirement for informed pa-
tient consent was waived. A CAD nodule detection pro-
gram was applied to 34 posteroanterior digital chest radio-
graphs obtained in 34 patients (21 men, 13 women; mean
age, 69 years). All 34 radiographs showed a nodular lung
cancer that was apparent in retrospect but had not been
mentioned in the report. Two radiologists identified these
radiologist-missed cancers on the chest radiographs and
graded them for visibility, location, subtlety (extremely
subtle to extremely obvious on a 10-point scale), and ac-
tionability (actionable or not actionable according to
whether the radiologists probably would have recom-
mended follow-up if the nodule had been detected). The
CAD results were analyzed to determine the numbers of
cancers and false-positive nodules marked and to correlate
the CAD results with the nodule grades for subtlety and
actionability. The �2 test or Fisher exact test for indepen-
dence was used to compare CAD sensitivity between the
very subtle (grade 1–3) and relatively obvious (grade � 3)
cancers and between the actionable and not actionable
cancers.

Results: The CAD program had an overall sensitivity of 35% (12 of
34 cancers), identifying seven (30%) of 23 very subtle and
five (45%) of 11 relatively obvious radiologist-missed can-
cers (P � .21) and detecting two (25%) of eight missed not
actionable and ten (38%) of 26 missed actionable cancers
(P � .33). The CAD program made an average of 5.9
false-positive marks per radiograph.

Conclusion: The described CAD system can mark a substantial propor-
tion of visually subtle lung cancers that are likely to be
missed by radiologists.
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Lung cancer nodules are frequently
missed on chest radiographs by ra-
diologists in clinical practice, with

reported error rates of 20%–90% (1–
6). Even in observer performance stud-
ies in which the radiologists are aware
that many lung cancers are included,
they still may fail to detect up to 40% of
previously missed cancers (7). There-
fore, it is important to develop more
effective methods of detecting lung can-
cers on radiographs. Computer-aided
detection (CAD) systems can alert radi-
ologists to the location of possible lung
nodules, and we previously reported
that CAD schemes can assist radiolo-
gists in the detection of nodules in ob-
server studies (8,9). However, the CAD
schemes used in those previously pub-
lished observer studies were developed
in our laboratories or at other academic
institutions and are not available for
clinical use. Also, the nodules evaluated
in those studies usually were selected by
using subjective criteria, so the results
may not be directly applicable to clinical
practice. To our knowledge, to date
there have been no published results on
the performance of a Food and Drug Ad-
ministration–approved, commercially
available CAD system when it is ap-
plied to chest radiographs that depict
lung cancers previously missed by ra-
diologists. Thus, the purpose of our
study was to retrospectively deter-
mine the sensitivity of and number of
false-positive marks made by a com-
mercially available CAD system for de-
tecting lung cancers previously missed
on chest radiographs by radiologists,
with histopathologic results as the ref-
erence standard.

Materials and Methods

Institutional review board approval was
obtained, and the requirement for in-
formed patient consent was waived.
Our study was compliant with the
Health Insurance Portability and Ac-
countability Act. Three authors (H.M.,
K.D., C.E.M.) are shareholders in R2
Technology (Sunnyvale, Calif). Two au-
thors (H.M., K.D.) are consultants for
Riverain Medical (Miamisburg, Ohio).
One author (F.L.), who is not an em-
ployee of or consultant for Riverain
Medical, had control of the data and
information submitted for this study.

Patient Database, CAD System, and
Reference Standard
The records stored in the cancer regis-
try of the University of Chicago Hospi-
tals were reviewed to identify all
patients (n � 821) who received a diag-
nosis of lung cancer from January 2001
to November 2004. The records of all
patients (n � 314) with chest radio-
graphs on file prior to treatment were
reviewed, and the relevant radiographs
and reports were analyzed. From these
314 patients, we identified 34 patients—
with 34 posteroanterior digital radio-
graphs (Fig 1)—who had a nodular can-
cer that was apparent on the posteroan-
terior image in retrospect but had not
been mentioned in the report. If a nod-
ular cancer had been mentioned in the
report but was misdiagnosed, the asso-
ciated chest radiograph was not in-
cluded. If a patient had multiple pos-
teroanterior radiographs with the same
nodular cancer that was not mentioned
by radiologists in any report, only the
first radiograph in the series was used in
our study. If a nodular cancer was visi-
ble on the lateral images only, the case
was excluded from the study because
the CAD system was designed to be
used with frontal radiographs. We ex-
cluded portable anteroposterior radio-

graphs from our study, because these
images are often acquired in complex
clinical situations or to answer specific
questions. The location of each radiolo-
gist-missed cancer on the 34 posteroan-
terior chest radiographs was identified
in consensus by two radiologists (F.L.,
H.M., 15 and 30 years experience, re-
spectively, in chest radiograph interpre-
tation) and confirmed at computed to-
mography. All cancers were confirmed
by using biopsy or surgery as the refer-
ence standard.

The 34 patients with radiologist-
missed lung cancers on chest radio-
graphs were 21 men and 13 women
with a mean age of 69 years (age range,
47–87 years). Fifteen of the 34 missed
cancers were located in the right lung
(nine in right upper lobe, one in right
middle lobe, five in right lower lobe),
whereas 19 were located in the left lung
(12 in left upper lobe, seven in left lower
lobe). The histopathologic diagnoses
were non–small cell carcinoma for 32
cancers (14 adenocarcinomas, eight squa-
mous cell carcinomas, 10 others) and
small cell carcinoma for two cancers.
The radiographs were obtained with a
computed radiography system (Fuji
Medical Systems, Stamford, Conn) by
using 110 kVp and 2.5–16.0 mAs. These
images were analyzed by a Food and
Drug Administration–approved CAD nod-
ule detection program (Riverain Medi-
cal, Miamisburg, Ohio).
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Advances in Knowledge

� A currently available computer-
aided detection (CAD) system
marked 35% of lung cancers that
had been missed on chest radio-
graphs by radiologists.

� The CAD system marked many
of the more obvious missed
cancers.

Implication for Patient Care

� A currently available CAD system
can detect visually subtle lung
cancers that may be missed by
radiologists.
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Radiologists’ Subjective Judgments
Before the CAD program was applied,
two radiologists (F.L., H.M.) indepen-
dently graded the radiologist-missed
cancers for subtlety (extremely subtle to
extremely obvious) on a 10-point scale,
and their numeric ratings were aver-
aged. The two radiologists also classi-
fied the missed cancers as actionable or
not actionable, first independently and
then in consensus. A cancer was classi-
fied as not actionable if the finding was
judged to be so subtle or nonspecific
that it probably would not have been
acted on even if it had been identified
and scrutinized.

Data Analysis
The 34 radiologist-missed lung cancers
were further categorized by location
into two regions (upper and lower) and
two zones (medial and lateral) on the
chest radiographs. The mean diameter
(average of length and width) of the
cancers on the 34 radiographs was de-

termined by one radiologist (F.L.). The
radiographs were also classified accord-
ing to the presence or absence of under-
lying abnormalities such as other lung
diseases or medical devices. For deter-
mination of the true-positive and false-
positive CAD results for each chest ra-
diograph, all CAD marks were analyzed
by comparing the x and y coordinates of
the center of each mark with the cancer
locations determined by the two radiol-
ogists. In our study, the CAD localiza-
tion was considered correct if the cen-
ter of the CAD mark was located within
the boundary of the cancer identified
by the radiologists. The false-positive
findings marked by the CAD program
were classified as noncancerous opaci-
ties or structure-related findings by one
radiologist (F.L.).

Statistical Analyses
The CAD results were analyzed to de-
termine the number of true cancers
marked (sensitivity), as well as the
number of false-positive detections. The
relationships between CAD perfor-
mance and radiologist-assigned nodule
groups and ratings and between CAD
performance and presence of underly-
ing abnormalities were analyzed. The
distribution of false-positive CAD marks
was compared between the right and
left lungs, between the upper and lower

regions, and between the medial and
lateral zones on the chest radiographs.

A conventional statistical test for
the inference about a proportion (10)
was used to compare the difference in
distribution of radiologist-missed can-
cers between the two lungs, between
the two lung regions, and between the
two lung zones. The �2 test for inde-
pendence or Fisher exact test for inde-
pendence was used to compare differ-
ences in CAD sensitivity and number
of false-positive CAD marks between
the radiographs with and those with-
out underlying abnormalities for de-
tection of the cancers. These two tests
for independence were also used to
compare the difference in CAD sen-
sitivity between cancer sizes (small
vs large), between the two subtlety
groups (very subtle vs relatively obvi-
ous), and between the two actionabil-
ity groups (actionable vs not action-
able) for these cancers. The single
proportion test (10) also was used to
compare differences in the number of
false-positive CAD marks between the
two lungs, between the two regions,
and between the two zones.

We report two P values for the com-
parison of cancer distributions and 10
P values for the comparison of CAD per-
formance among the various types and
locations of nodules. Therefore, in accor-

Figure 1

Figure 1: Flow diagram of patient inclusion
and exclusion. PA � posteroanterior.

Figure 2

Figure 2: Posteroanterior
chest radiograph shows sites of 34
radiologist-missed cancers (15
cancers in right lung, 19 in left
lung). F � CAD-marked cancers,
E � CAD-missed cancers. White
horizontal and vertical lines divide
each lung into upper and lower
regions and medial and lateral
zones. The number of radiologist-
missed cancers in the upper lobes
(n � 23, 68%) was substantially
greater than that in the lower lobes
(n � 11, 32%) (P � .04).
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dance with the Bonferroni correction for
multiple comparisons (11), which is at
least somewhat conservative, an esti-
mated difference in cancer distribution

reported herein should be considered sig-
nificant at the 95% confidence level when
P � .025, whereas an estimated differ-
ence in CAD performance should be con-
sidered significant at the 95% confidence
level when P � .005.

Results

Features of Radiologist-missed Cancers
We observed no significant difference in
number of radiologist-missed cancers
(n � 34) between the left (n � 19, 56%)
and right (n � 15, 44%) lungs (P � .50)
(Fig 2). However, more missed cancers
were located in upper lung regions (n �
23, 68%) than in lower regions (n � 11,
32%) (P � .04). Equal numbers of can-
cers were found in the medial (n � 17,
50%) and lateral (n � 17, 50%) lung
zones (P � .99). Many of the missed can-
cers coincided with anatomic structures
(mainly bones and vessels) (Fig 2).

Among the 34 radiographs, 17 (50%)
showed underlying abnormalities. Five
radiographs showed postsurgical scar-
ring, five showed catheter or external
devices, three showed diffuse lung dis-
ease such as edema, five showed focal
opacities such as rib fractures or scars,
six showed pleural changes such as effu-
sions, and three showed other anoma-
lies such as cardiomegaly. Nine radio-
graphs had at least one finding, and
eight had two or more findings.

The missed lung cancers had a mean
diameter of 14.3 mm (Table 1). In
terms of the two radiologists’ ratings for
cancer subtlety, 23 cancers were as-
signed a grade of 1–3 and 11 were as-
signed a grade of 3.5–6.5 (relatively ob-
vious). No cancers were assigned a sub-
tlety rating of 7 or higher, so all cancers
were rated as moderately to very sub-
tle. The two radiologists judged 26 can-
cers to be actionable and eight to be not
actionable. Of the 26 cancers rated as
actionable, 10 were judged to be rela-
tively obvious nodules (grade � 3).

CAD Performance
For all radiographs, the CAD program
had a sensitivity of 35% for cancer de-
tection (Table 2), identifying the missed
cancer on 12 of the 34 images, and the

Table 1

Subjective Features of 34
Radiologist-missed Cancers on Chest
Radiographs

Cancer
Feature

Radiologist-missed
Cancers

Diameter (mm)
Mean � SD* 14.3 � 4.9
Range 6.8–22.7
Median 14.8

Subtlety grade†

1.0–2.0 12
2.5–3.0 11
3.5–4.0 7
4.5–6.5 4

Actionability
Not actionable 8
Actionable 26

Note.—All except diameter values are numbers of
missed cancers.

* SD � standard deviation.
† Cancer subtlety was graded (in whole or half �to
five tenths� numbers) independently by two observ-
ers by using a 10-point scale, with 1 indicating
extremely subtle and 10 indicating extremely
obvious.

Table 2

CAD Performance in Detecting Radiologist-missed Cancers on 34 Chest Radiographs

Performance Parameter Sensitivity (%)* No. of False-positive Marks†

Overall CAD performance 35 (12/34) 5.9 (0–9)‡

Cancer detection on radiographs with no
underlying abnormality 35 (6/17) 6.4 (3–9)‡

Cancer detection on radiographs with
underlying abnormality 35 (6/17) 5.4 (0–7)‡

False-positive CAD mark related to
Noncancerous opacity NA 5§

Medical device NA 4
Anatomic structure NA 190

Bones NA 39
Vessels NA 9
Bones and vessels NA 91
Hilum NA 39
Mediastinum NA 12

* The numbers of radiographs (same as numbers of patients) used to calculate the percentages are in parentheses. NA � not
applicable.
† Unless otherwise noted, data are numbers of false-positive marks. The CAD program made a total of 199 false-positive marks
on the 34 radiographs.
‡ Mean number of false-positive CAD marks per image. Numbers in parentheses are the range.
§ Two pleural lesions, one rib fracture, one small scar, and one nipple.

Table 3

Relationships between CAD
Sensitivity and Lung Cancer Features
on 34 Chest Radiographs, as
Determined by Radiologists

Cancer Feature CAD Sensitivity (%)

Detection on all
radiographs 35 (12/34)

Diameter (mm)
7–15 22 (4/18)
16–26 50 (8/16)

Subtlety grade*
1.0–3.0 30 (7/23)
�3.0 46 (5/11)

Actionability
Not actionable 25 (2/8)
Actionable 38 (10/26)

Note.—The numbers of radiographs (same as numbers
of patients) used to calculate the percentages are in
parentheses.

* Cancer subtlety was graded by using a 10-point scale,
with 1 indicating extremely subtle and 10 indicating
extremely obvious.
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sensitivity for both radiographs with
and those without underlying abnormal-
ities was 35% (six of 17 radiographs) as
well. We observed no significant differ-
ence in the number of false-positive
CAD marks (n � 199) between the ra-
diographs with (91 [46%] marks, 5.4
marks per image) and those without
(108 [54%] marks, 6.4 marks per im-
age) underlying abnormalities (P � .23).

Of the total of 199 false-positive
marks on the 34 chest radiographs, 114
(57%) marks were made in the right
lung and 85 (43%) were made in the left
lung (P � .04). In addition, the number
of false-positive CAD marks was greater
in the upper lung region (115 [58%]
marks) than in the lower lung region (84
[42%] marks) (P � .03) and greater in
the medial lung zone (134 [67%] marks)
than in the lateral lung zone (65 [33%]
marks) (P � .001). One hundred ninety
(96%) false-positive CAD marks were

related to anatomic structures (Table
2), and nine (4%) were related to other
objects such as noncancerous opacities
or medical devices. Seventy percent
(n � 139) of the false-positive CAD
marks were related to bones (rib, clavi-
cle, and scapula; 39 marks), small and
medium-size vessels (nine marks), or
both (91 marks).

Relationships between CAD Sensitivity
and Subjective Judgments
The sensitivity of the CAD program was
22% (four of 18 cancers) for the detec-
tion of 7–15-mm cancers and 50%
(eight of 16 cancers) for the detection of
16–26-mm cancers (P � .18) (Table 3).
The sensitivity of CAD detection of rela-
tively obvious cancers (grade � 3) was
45% (five of 11 cancers), which was
slightly higher than the sensitivity for
the detection of very subtle cancers
(grade 1–3): 30% (seven of 23 cancers)

(P � .21). CAD sensitivity was 38% (10
of 26 cancers) for the detection of ac-
tionable cancers (Fig 3) and 25% (two
of eight cancers) for the detection of not
actionable cancers (P � .33) (Table 3).

Criteria for Validating Detections Made by
CAD Software
Figure 4b shows a cancer contained
within a circle produced by the CAD
program. However, this was not consid-
ered a true detection according to our
criterion that the center of a CAD circle
had to be within the boundary of a can-
cer for the mark to be considered a true
detection. Figure 5b shows an example
of one true-positive detection and one
false-positive detection.

Discussion

The term missed cancer can refer to a
lesion that was detected but was misin-

Figure 3

Figure 3: Posteroanterior chest radiographs obtained in 82-year-old man. (a) A radiologist-missed non–small cell carcinoma (arrow) with a mean diameter of 16 mm
is located in right upper lobe. This cancer was assigned an average subtlety grade of 3.0 and was judged to be actionable by the two radiologists. (b) The CAD system
marked the cancer (arrow pointing to star), as well as seven false-positive nodules (�)—five related to bones and/or vessels and two related to hila.
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terpreted by radiologists (5). In our in-
vestigation, we included only those can-
cers that had been missed by radiolo-
gists owing to detection errors (rather
than interpretation errors), because
our goal was to evaluate the potential
effect of CAD in such cancers. Radiolo-
gist-missed lung cancers on chest radio-
graphs have been reported to share the
following characteristics: (a) Most
missed nodular cancers are visually
subtle, but they are not always very
small (median diameter, 16–20 mm);
(b) missed cancers are located predom-
inantly in the upper lobes; (c) superpos-
ing structures and distracting lesions
are frequently present; and (d) image
quality is commonly poor (3–6). The
findings in this radiologist-missed can-
cer series were similar to those re-
ported in previous studies (5,6), al-

though image quality was generally
high.

Kundel (12) reported that periph-
eral lung cancers are rarely detected
until they are 8–10 mm in diameter.
Woodring (13) summarized the findings
of many studies with high error rates in
the detection of lung cancers, determin-
ing that many radiologist-missed can-
cers are extremely small and/or poorly
defined. For such nonspecific opacities,
radiologists probably would not recom-
mend any action, even if the lesions
were detected. Among the eight cancers
that were categorized as not actionable
in our series, seven were categorized as
extremely subtle nodules (grade 1–2) by
the two radiologists. However, the
mean diameter of these not actionable
cancers was not particularly small (13
mm). In addition, 50% of patients had

underlying abnormalities compared
with 63% of patients with underlying
abnormalities in a previous study (5).
This suggests that a complex back-
ground, including strong structured
noise, and additional findings can have a
role as important as that of small lesion
size in the failure of radiologists to de-
tect a lung cancer on chest radiographs.
It is important to note that detection
aids such as CAD systems probably
should be focused on the identification
of lesions in the subgroup of radiologist-
missed lung cancers that are recogniz-
able and actionable. If the CAD pro-
gram would mark these cancers accu-
rately, it is likely that radiologists would
identify them and recommend further
work-up, thereby decreasing the num-
ber of lung cancers that are missed.

CAD systems have yielded a wide

Figure 4

Figure 4: Posteroanterior chest radiographs obtained in 60-year-old woman. (a) A radiologist-missed adenocarcinoma (arrow) is located in left lower lobe; circles
(enhanced for illustration) indicate CAD detections. (b) Cropped view of left lung shows the circle that includes the cancer (arrow). The center point (�) of the circle is not
within the lesion boundary, so this CAD mark was counted as false-positive.
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range (26%–75%) of rates for the de-
tection of breast cancers missed by ra-
diologists on screening mammograms
(14–16). An early CAD program (17)
marked approximately 40% of the lung
cancers that were missed by radiolo-
gists on photofluorographic images in a
lung cancer screening program, but it
made an average of 15 false-positive
marks per image. In our study, we used
a commercially available CAD nodule
detection system, and the sensitivity for
all radiologist-missed lung cancers was
35%, with 5.9 false-positive CAD marks
per chest radiograph. The sensitivity of
CAD improved with increased tumor di-
ameter (50% for 16–26-mm cancers)
and with decreased subtlety (45% for
relatively obvious cancers), and it im-
proved slightly with increased action-
ability (38% for actionable cancers).
These results suggest that the system
has reasonable sensitivity for the detec-

tion of more obvious and actionable
cancers, although these particular nod-
ules were missed by radiologists.

Although complex background with
underlying disease can have an impor-
tant role in the failure of radiologists to
detect lung cancer on chest radiographs,
these factors did not seem to greatly
affect the performance of the CAD sys-
tem in our study. In fact, the sensitivity
for detection of radiologist-missed can-
cers was the same (35%) for images
with and those without complex back-
ground abnormalities. Because of these
apparent differences in sensitivity be-
tween computers and radiologists, CAD
may be of greater benefit in such pa-
tients with underlying disease.

The use of newer techniques such as
digital chest radiography, image pro-
cessing, energy subtraction, temporal
subtraction, and CAD has been shown
to enhance the detection of lung nod-

ules, and in observer performance stud-
ies (18–26), the use of CAD schemes
has been shown to improve radiologists’
detection of early lung cancers. Freed-
man (18) suggested that these tech-
niques, used alone or in combination,
are likely to benefit patients who un-
dergo chest radiography in situations in
which cancer is not suspected. How-
ever, the commercial CAD system used
in our study was not designed for use
with other types of images such as en-
ergy subtraction and lateral radiographs.
The findings of a preliminary (nonpub-
lished) analysis of the results obtained
by using this CAD program with 21 pa-
tients who had been imaged with a dual-
energy device (not the subject of our
study) suggest that the sensitivity and
specificity of CAD can be substantially
improved when dual-energy images are
used. This will be the subject of a sepa-
rate investigation.

Figure 5

Figure 5: Posteroanterior chest radiographs obtained in 66-year-old woman. (a) A radiologist-missed squamous cell carcinoma (black arrow) is located in the left
upper lobe, and a rib fracture (white arrow) is seen below it. (b) The cancer (black arrow) is at the center (�) of the circle; thus, this CAD mark was counted as true-positive.
The fracture (white arrow) was counted as a false-positive finding.
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A major limitation of the described
CAD system is the high average number
of false-positive marks (5.9 per chest
image). However, it seems unlikely that
these marks would lead to a false-posi-
tive diagnosis since 96% of the false-
positive CAD marks made in our study
were clearly related to anatomic struc-
tures. Another problem is that the marks
applied by the CAD system are 5-cm-
diameter circles. Therefore, with an av-
erage of six to seven circles per image,
the covered lung area can be as high as
25% of the total area. Because this
could cause a substantial number of le-
sions to be marked by chance, we used
a criterion by which the center of the
circle had to be within the lesion bound-
ary for the mark to be counted as a true
detection. This greatly reduced the
chance of “accidental” markings of can-
cer. Our study was designed to deter-
mine the sensitivity of and number of
false-positive CAD marks made by a
commercial CAD program in patients
with cancers previously missed on chest
radiographs by radiologists. We did not
attempt to determine how the radiolo-
gists’ performance might be influenced
by the CAD results in these patients.

We conclude that a currently avail-
able CAD system can mark many visu-
ally subtle lung cancers that may be
missed by radiologists. Although false-
positive detections are numerous and
potentially distracting, the majority of
them are clearly due to anatomic struc-
tures, and the reduction of false-positive
marks should be a priority in the devel-
opment of CAD programs. The actual
effects of CAD on radiologist accuracy
and productivity in routine clinical prac-
tice remain to be determined, and fur-
ther studies are required.
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