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Abstract
Rationale and Objectives—To retrospectively investigate the effect of a computer aided
detection (CAD) system on radiologists’ performance for detecting small pulmonary nodules in CT
examinations, with a panel of expert radiologists serving as the reference standard.

Materials and Methods—Institutional review board approval was obtained. Our data set
contained 52 CT examinations collected by the Lung Image Database Consortium, and 33 from our
institution. All CTs were read by multiple expert thoracic radiologists to identify the reference
standard for detection. Six other thoracic radiologists read the CT examinations first without, and
then with CAD. Performance was evaluated using free-response receiver operating characteristics
(FROC) and the jackknife FROC analysis methods (JAFROC) for nodules above different diameter
thresholds.

Results—241 nodules, ranging in size from 3.0 to 18.6 mm (mean 5.3 mm) were identified as the
reference standard. At diameter thresholds of 3, 4, 5, and 6 mm, the CAD system had a sensitivity
of 54%, 64%, 68%, and 76%, respectively, with an average of 5.6 false-positives (FPs) per scan.
Without CAD, the average figures-of-merit (FOMs) for the six radiologists, obtained from JAFROC
analysis, were 0.661, 0.729, 0.793 and 0.838 for the same nodule diameter thresholds, respectively.
With CAD, the corresponding average FOMs improved to 0.705, 0.763, 0.810 and 0.862,
respectively. The improvement achieved statistical significance for nodules at the 3 and 4 mm
thresholds (p=0.002 and 0.020, respectively), and did not achieve significance at 5 and 6 mm (p=0.18
and 0.13, respectively). At a nodule diameter threshold of 3 mm, the radiologists’ average sensitivity
and FP rate were 0.56 and 0.67, respectively, without CAD, and 0.67 and 0.78 with CAD.

Conclusion—CAD improves thoracic radiologists’ performance for detecting pulmonary nodules
under 5 mm on CT examinations, which are often overlooked by visual inspection alone.
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INTRODUCTION
Although there is controversy over whether screening with computed tomography (CT) may
reduce lung cancer mortality (1,2), there is little doubt that thin-slice multi-detector row CT
(MDCT) allows the detection of more lung nodules, often of smaller size, than both thicker
section CT examinations and chest radiographic images (3–6). MDCT examinations of the
thorax are now commonly reconstructed at 1–3 mm slice thickness and often with overlapping
intervals (7–9), resulting in a large number of images to be interpreted. Fatigue caused by the
increased workload of reviewing more images per examination, combined with pressures to
be time-efficient, may result in false-negatives (i.e., missed lung nodules). Computer-aided
detection (CAD) may help reduce false-negatives at a lower cost than double reading by a
second radiologist.

With increased interest in the detection and evaluation of lung nodules on CT examinations, a
number of research groups have been investigating the development of CAD systems for
pulmonary nodules (10–19), and the effect of CAD on radiologists’ performance (20–23).
Several CAD systems have been approved to be used as a “second reader” for applications in
mammography and lung imaging (24,25). In a second reader paradigm, the radiologist first
interprets the image without CAD, and then re-interprets it after the CAD prompts are shown
(26). If the radiologist does not discard his/her previous findings in the re-interpretation, the
nodule detection sensitivity and the number of false-positives (FPs) when reading with CAD
will not be lower than that when reading without CAD. It is important to measure the potential
increase in FPs with CAD that may adversely impact the clinical management, as well as the
potential increase in sensitivity. Since many cases contain multiple nodules, it is also important
to evaluate the effect of CAD on a per-nodule basis, as opposed to a per-scan only basis. Finally,
with the goal of detecting cancer at an earlier stage, it is important to analyze the effect of CAD
based on nodule size. To address these issues, we designed a free-response receiver operating
characteristic (FROC) experiment to compare the detection of lung nodules on CT
examinations with and without CAD, and to analyze the dependence of the performance results
on nodule size.

MATERIALS AND METHODS
Data Set

Our data set consisted of two groups. Group 1 was obtained from the Lung Image Database
Consortium (LIDC), the cases in which were collected by the participating institutions with
IRB approval, and Group 2 was collected with IRB approval from patient files at our institution.
Our study was Health Insurance Portability and Accountability Act (HIPAA) compliant. The
criteria for the inclusion of a CT examination in the LIDC data set are described in the literature
(27). Briefly, these CT examinations were collected from both diagnostic and screening studies
at the five institutions participating in the LIDC. The cases were intended to capture the
complexities of CT scans encountered during routine clinical practice, and to represent a variety
of technical parameters from a variety of scanner models. Cases containing abnormalities other
than lung nodules were not excluded, unless the other abnormality substantially interfered with
visual interpretation. The upper limit on the number of nodules per scan was set at six (27). As
of the beginning of our study, the LIDC data set contained annotated examinations from 73
patients. Although it is expected that the LIDC cases would include both screening and
diagnostic studies (27) and contain both malignant and benign nodules, the number of cases
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containing malignant nodules and the proportion of screening and diagnostic examinations
were not available from the LIDC archive. The tube current for the Group 1 scans ranged from
40 to 486 mA.

Group 2 of the data set consisted of 91 CT examinations from patient files at our institution.
Eighty of the Group 2 cases were selected from lung CT examinations of patients between 55
and 74 years of age, with a current or former smoking history of at least 30 pack years,
performed in a 12 month period at our institution between Oct. 2002 and Sept. 2003. Sixty-six
of these 80 scans were randomly selected from files of patients whose clinical reports for the
scan indicated at least one non-calcified lung nodule, and 14 were randomly selected from
those that did not indicate any non-calcified lung nodules. The reported prevalence of lung
cancer in similar high-risk populations detected in initial CT screening varied from about 1%
to 3% in recent studies (9,28–30). To include proven cancer cases in our data set, we enriched
this group with 11 CT examinations that were randomly selected from patients with biopsy-
proven malignant lung nodules. The tube current for these 11 scans from Group 2 ranged from
160 to 360 mA, and that for the remaining 80 scans ranged from 40 to 160 mA. The data set
in this study therefore contained a larger proportion of malignant cases than what would be
found in a screening population. The pool for the data set for this study thus consisted of 164
scans from 164 patients. The combination of the two groups of cases was needed to obtain a
large enough sample size that satisfied the selection criteria for the observer study.

As explained below, each of these 164 CT examinations was read by multiple expert thoracic
radiologists to establish a reference standard. The reference standard was established in two
phases. All 164 examinations were included in the first phase, described in more detail below,
which took place before the observer study. Based on the data collected in the first phase, a
subset of cases was selected to be included in the observer study. For inclusion in the observer
study, we required that a case 1) did not contain more than six nodules detected in the first
phase with size ≥ 3 mm; 2) did not contain cases with more than two calcified nodules; and 3)
contained at most ten micro-nodules, i.e., nodules less than 3 mm in size. These three criteria
were used so that the duration of the observer study can be kept reasonably short, while the
maximum amount of useful data can be collected. The limits for ≤ 6 nodules and ≤ 2 calcified
nodules were set up so that cases with many nodules or calcified nodules did not constitute a
major portion of the nodules present in the data set. The criterion for few micro-nodules aimed
at reducing the reading time for the radiologists, since the purpose of the study was to
investigate only the detection of nodules ≥ 3mm in diameter. Although no upper limit was set
regarding nodule size for inclusion, nodules ≥30 mm in size were excluded from analysis, as
described below in the Statistical Analysis Section. The attenuation characteristics of the
nodules (e.g., solid vs. part solid and non-solid) were not part of the exclusion criteria. The
final data set for the observer study selected with these criteria contained 85 CT examinations,
with 49 CT examinations from Group 1 and 36 CT examinations from Group 2. Six CT
examinations from Group 2 contained biopsy-proven malignant nodules. Pathology
information about nodules from Group 1 was not provided by LIDC.

Table 1 lists the manufacturer and model of the CT scanners that acquired our final data set of
85 CT examinations, and the reconstruction filters used. In-plane resolution ranged from 0.49
to 0.82 mm (average = 0.67, median = 0.68 mm), and slice interval ranged from 1.25 to 3.0
mm (average = 2.15, median = 2.5 mm). Tube current ranged between 40 to 486 mA (median
= 80 mA), and the anode potential ranged between 120 to 140 kVp (median = 120 kVp).

The reference standard
All CT examinations in our data set were read by multiple expert radiologists in two phases.
The first phase took place before, and the second phase took place after the observer study. In
the first phase, Group 1 cases were read by four experienced thoracic CT radiologists, and
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Group 2 cases were read by two experienced thoracic CT radiologists. In the second phase, all
cases that were included in the observer study were read in consensus by a panel of two
experienced thoracic CT radiologists.

First phase—A detailed description of the truth assessment for Group 1 (LIDC) cases can
be found in the literature (27,31); a brief summary of the relevant aspects are provided below.
For this group, four experienced thoracic CT radiologists first read the cases independently.
Readers marked the location of nodules ≥ 3 mm in diameter, and drew the boundary of the
nodule on each slice on which it appeared. Nodules < 3 mm in diameter were marked only if
they were not clearly benign. Locations of non-nodule objects that might be confused with
nodules, such as scars, atelectasis, postsurgical changes, etc. were also marked if they were ≥
3 mm in diameter. This first reading was termed the “blinded” reading pass. After blinded
reading, each radiologist read all the cases again, this time in an unblinded reading session, in
which the markings of all radiologists were available. In unblinded reading, the radiologists
were free to modify the nodule locations they marked during blinded reading, add or delete
objects, modify the boundaries of an annotation. They also subjectively characterized several
properties of each nodule ≥ 3 mm.

All examinations in Group 2 were read independently by two experienced thoracic radiologists
using a graphical user interface (GUI) developed in our laboratory in collaboration with
radiologists for reading CT images and providing descriptors of clinical relevance. One of the
two radiologists also served as one of the four expert readers in the LIDC. The expert
radiologists had 18 and 30 years of experience in interpreting thoracic CT scans. They identified
the location of any lung nodule that they detected, irrespective of nodule size, and enclosed
the lesion with a rectangular 2D bounding box on the slice where it was best visualized. They
also indicated the first and the last slice where the lesion could be seen. These two expert
radiologists did not participate as readers in the observer study.

Second phase—In the second phase, two expert radiologists, each with over 15 years
experience as thoracic radiologists, read all 85 cases included in the observer study as a
consensus panel. These two radiologists were the same as those that read Group 2 cases in the
first phase. In this phase, the radiologists did not search for nodules, but instead focused on
regions of interest (ROIs) displayed on the CT volumes. These ROIs consisted of any
suspicious region, regardless of size, identified by any radiologist either in the without-CAD
or with-CAD modes in the observer study, or those identified by the expert radiologists in the
first phase. The panel radiologists were blinded as to how or by whom a particular ROI was
identified. After examining the ROI and the surrounding tissue in adjacent slices, and after a
discussion on the characteristics of the finding if necessary, the two radiologists reached a
consensus as to whether each ROI contained a nodule or not. If a finding was categorized as a
nodule, the length of its longest axis and the perpendicular axis on the slice containing the
largest axial cross-section of the nodule was measured using an electronic ruler. The long axis
length of the nodule was used as the nodule diameter. The diameters of findings that were
categorized as FPs were not measured. For nodules with a diameter of ≥ 3 mm, the radiologists
provided ratings for the subtlety of the nodule relative to those encountered in clinical practice,
and likelihood of malignancy, both on a scale of 1 to 5.

Computerized Nodule Detection System
The computer system was trained on a data set consisting of 94 chest CT examinations
containing lung nodules that were collected from patient files at our institution (32). This
training set is independent of the test set used in the observer study. The in-plane resolution of
the training cases ranged from 0.546 mm to 0.969 mm, and the section thickness ranged from
1.0 mm to 5.0 mm. A block diagram of the computer system, consisting of prescreening,
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segmentation, feature extraction, rule-based FP reduction, and LDA-based FP reduction stages,
is shown in Figure 1. The nodule detection algorithm is summarized below.

In the prescreening stage, nodule candidates were detected using adaptive 3D clustering within
the lung regions. A 3D active contour (AC) algorithm, initialized by k-means clustering within
a 3D volume of interest (VOI) containing the object, was used for segmentation of the object
(33). Three groups of features were extracted for each VOI. The first group of features was
extracted by considering the statistics of the direction and magnitude of the gradient vector on
spherical shells centered at each voxel of the detected nodule candidate (34). Nineteen features
were extracted by using statistics (e.g., standard deviation, average, coefficient of variation)
of the gradient field direction and magnitude. The second group was related to eigenvalues of
the Hessian matrix, which are derived from the second-order derivatives within the VOI (32,
34). In order to reduce the noise in the second-order derivatives that are used to compute the
Hessian matrix, the image is first smoothed using a Gaussian filter bank with different spatial
widths (or filter scales) of the Gaussian filter,. Hessian eigenvalues from different scales are
combined using an artificial neural network (ANN) trained to distinguish between pixels
belonging to a nodule and those belonging to normal structures. For a given test VOI, the ANN
outputs at different voxels were combined to define a Hessian feature for the VOI (35). The
third group of features was related to the size and shape of the object, and included the volume
and the surface area of the segmented 3D object, as well as a combination of slice-based features
for each object, such as the area, perimeter, circularity, compactness, major and minor axes
and their ratio, and eccentricity of a fitted ellipse in each cross section of the 3D object. Six
ellipsoid features were also extracted by fitting a 3D ellipsoid to the segmented object, and
using the lengths and the length ratios of the three principal axes. A complete list of our size
and shape features can be found in the literature (11,34).

Our FP reduction method consisted of three steps. First, each object was automatically
classified as either juxta-pleural (JP) or internal. Second, rule-based classification was applied
to both the JP and internal subsets, based on the Hessian feature described above. Rule-based
classification was designed to limit the number of JP and internal objects to 25 and 20 per
examination, respectively. Finally, two classifiers, one trained for JP objects and one trained
for internal objects were used for FP reduction. Linear discriminant analysis (LDA) classifiers
with stepwise feature selection were designed using the training set for this final FP reduction
stage. After training, all parameters were fixed and the CAD system was applied to the set of
85 test CT scans. The CAD marks were stored on the display workstation before the observer
study.

Observer Performance Study
Six study radiologists participated as observers, different from the two expert radiologists who
read the cases in phase 1 for the establishment of the reference standard. Four were fellowship-
trained in cardiothoracic radiology, and two were cardiothoracic radiology fellows in the last
few months of their fellowship year. The study radiologists read each case first without and
then with CAD, referred to as without- and with-CAD modes, respectively. A GUI, shown in
Figure 2, was designed in our laboratory for the study. It allows the user to scroll through the
CT slices efficiently in cine-mode, mark the ROIs, and record the ratings. By default, the images
were first displayed using a standard lung window; the radiologists had the option to adjust the
window and level settings to improve lesion visibility at any time. There was no limit on the
reading time. The study radiologists were not informed of the proportion of examinations with
and without lung nodules, nor the maximum number of reference nodules for a case in the data
set. They were instructed to mark any objects that they considered to be a nodule, regardless
of its size or likelihood of malignancy. To keep the length of the observer study to a reasonable
duration, the study radiologists did not measure the diameter of their findings. A training
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session with five CT examinations was conducted for each observer to allow them to get
familiar with the GUI and the reading process of the experiment. The training cases were
different from the 85 CT examinations in the test data set.

In the without-CAD mode, the radiologists searched the image volume for nodules in a manner
similar to their clinical reading. Following written instructions for the reading session, they
provided a mark-rating pair for each suspected nodule by enclosing the central slice of the
suspected lesion with a rectangle, and providing a likelihood of being a nodule (LN) rating on
a scale of 1 to 100. They also provided likelihood of malignancy and nodule subtlety ratings,
although these two ratings were not used for data analysis in the current study. Immediately
following the without-CAD reading, the GUI displayed the CAD prompts indicating the
computer-detected regions. A computer-detected region was shown as a rectangle enclosing
the object on its central slice. The radiologist examined the slices around the CAD mark, and
either rejected the CAD mark as an FP, or accepted it and provided an LN rating. For the
radiologist’s reference, suspected nodules detected by himself/herself in the without-CAD
mode were also displayed as rectangles in a different color. If the computer-detected region
coincided with the study radiologist’s marking in the without-CAD mode, the radiologist’s LN
rating for the mark was retrieved and displayed.

If a radiologist-detected finding is not detected by the computer, the miss is not considered to
be a reason for the radiologist to ignore the finding or to lower the level of suspicion for it in
the with-CAD mode, especially for CAD systems with a moderate sensitivity. In addition, if
radiologists are allowed to focus on areas of the image that are not prompted by the CAD
system in the with-CAD reading mode, it may be difficult to distinguish whether the
improvement, if any, is due to the use of CAD, or due to having a second opportunity to read
the image. For these reasons, in the with-CAD mode of our study, the radiologists were allowed
to act upon CAD prompts only. For findings that were detected by the study radiologist and
missed by the computer, the LN rating in the with-CAD mode was defined to be the same as
that in the without-CAD mode. As a result, with CAD, the number of marks per image either
increased or remained the same.

Statistical Analysis
The mark-rating pairs were analyzed using FROC methodology (36), which uses the location
and the ratings for each reported abnormality to relate the sensitivity to the number of FPs per
examination. Jackknife FROC analysis method (JAFROC) was used to statistically compare
the radiologists’ performance in the without- and with-CAD modes. We used the JAFROC-1
software, which was shown, through simulation studies, to have a higher statistical power than
alternative analysis methods for human observers (including human-observers with CAD)
(37). JAFROC-1 software uses the FP marks on both normal and abnormal images, in contrast
to an earlier version of the JAFROC software that uses the FP marks on only normal images.
The software provides a figure-of-merit (FOM) for each reader that is related to the probability
that a rating provided for a reference nodule exceeds that for an FP, and an overall p-value for
the difference between the two reading modes based on the mark-rating pairs of all readers.
The FROC curves shown in the Results Section plotted the sensitivity with respect to the
number of FPs per examination (FP rate) averaged over all scans.

We analyzed the differences between the without- and with-CAD modes at four nodule
diameter thresholds, namely D=3 mm, 4 mm, 5 mm, and 6 mm. In addition to JAFROC
analysis, we also computed the sensitivity and the average FP rate for each radiologist at these
four different nodule diameter thresholds. For the analysis of sensitivity and FP rate, we used
an LN threshold of 0 as an indication of no detection, i.e., any finding detected by a radiologist,
regardless of the level of suspicion, was included in the calculation of the sensitivity and FP
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rate. The statistical significance of the difference in sensitivities or FP rates between without-
and with-CAD was estimated with the use of the Student’s paired t-test for the 6 radiologists.

The first step in scoring the radiologists’ marks is to determine if they correspond to nodules
of interest. As described above, our data set contained small nodules (< 3 mm) and masses.
The detection of a small nodule by a radiologist should not be penalized as an FP, but cannot
be considered as a true-positive (TP) either because these nodules may be too small to be of
clinical significance. Similarly, we were not interested in the detection of masses (lesions with
diameter ≥ 3 cm) that would be very unlikely to be missed in clinical interpretation. We
therefore labeled marks that coincided with a small nodule or a mass as marks of no
consequence (ONC). The definition of what constitutes a TP, depended on the nodule diameter
threshold. For a nodule diameter threshold of D, the mark was labeled as a TP if the diameter
of the overlapping reference nodule was larger than or equal to D, and the mark was labeled
as an ONC if the diameter of the overlapping reference nodule was less than D. All other marks
were labeled as FPs.

RESULTS
Figure 3 shows the distribution of the nodule diameter for our data set of 85 CT examinations.
The sizes of nodules of interest varied between 3.0 mm and 18.6 mm, with a mean of 5.3 mm
and a median of 4.4 mm. There were a total of 241, 142, 85, and 54 reference nodules with
diameter ≥ 3, 4, 5, and 6 mm, respectively. Figure 4 shows the distribution of the number of
nodules per examination. Twenty-one CT examinations did not contain any nodules greater
than or equal to 3 mm in diameter, while there was at least one nodule in the remaining 64
scans.

The computer detection system had a sensitivity of 54% (130/241) 64% (91/142), 68% (58/85),
and 76% (41/54), with an average of 5.6 FPs per examination at a diameter threshold of 3, 4,
5, and 6 mm, respectively (Table 2). The FROC curves of the six radiologists without- and
with-CAD for a diameter threshold of 3 mm are shown in Figure 5. The FOM indicated by
JAFROC analysis in the without- and with-CAD modes at this nodule diameter threshold are
shown in Table 3 for each radiologist. The average FOM and the 95% confidence interval (in
parentheses) were 0.661 (0.622–0.698) and 0.705 (0.664–0.743) in the without- and with-CAD
modes, respectively, as estimated by the JAFROC-1 software.

Table 4 shows the corresponding average FOM values for different diameter threshold values.
The average FOM for the with-CAD mode was larger than that for the without-CAD mode for
all nodule diameter thresholds. The improvement with CAD was statistically significant at
diameter thresholds of 3 and 4 mm (p=0.002 and 0.020, respectively), and did not achieve
significance at diameter thresholds of 5 and 6 mm (p=0.18 and 0.13, respectively).

Table 5 shows the average sensitivity and the average number of FP marks corresponding to
the rightmost point in each FROC curve, i.e., if one uses an LN cutoff threshold of 0 to decide
the presence of a nodule. The average sensitivity and the range for the six radiologists are
shown for each diameter threshold. The potential dependence of the number of FP marks on
the nodule diameter threshold was not studied because the sizes of the objects judged to be FPs
were not measured by the consensus panel. The use of CAD increased the average sensitivity
at a nodule diameter threshold D = 3 from 0.56 to 0.67 (18.9%). The increases at D = 4, 5, and
6 mm were 13.1%, 6.9% and 7.7%, respectively. The increase in sensitivity was significant at
all thresholds studied (p<0.03, two-tailed Student’s paired t-test). Accompanying with the
increase in sensitivity, the average number of FPs per scan also increased significantly
(p=0.003) from 0.67 to 0.78 (16.8%).
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Considering that the computer had an average of 5.6 FPs per examination, the small, albeit
significant increase in the FP rate indicates that the radiologists were efficient in rejecting
computer FP marks. However, some TP marks by the computer were also rejected. Averaged
over the six study radiologists, there were 9.0 (range: 3–16) reference nodules in the data set
that were missed by a radiologist in the without-CAD mode, cued by the computer in the with-
CAD mode, but rejected by the radiologist as an FP. Some of the computer-detected nodules
were rejected by multiple radiologists. Figure 6 shows a 6 mm reference nodule that was
dismissed as an FP by two radiologists in the observer study. In total there were 27 reference
nodules identified by the CAD system that were rejected by at least one radiologist. Of these,
15 were larger than 4 mm, and 3 were larger than 6 mm in diameter.

Examples in Figures 7 to 9 further illustrate the effect of the CAD system. A beneficial effect
of a TP CAD mark is illustrated in Fig. 7. In the without-CAD mode, this 4 mm nodule was
detected by only 2 of the 6 study radiologists. When they inspected the CAD prompt in the
with-CAD mode, the remaining 4 radiologists also marked this finding as a nodule. A
detrimental effect of an FP CAD mark is illustrated in Fig. 8. Apical scars were frequently
misclassified as nodules by the CAD system, as shown in this example. The number of
radiologists marking this scar as a nodule increased from 1 in the without-CAD mode to 3 in
the with-CAD mode. Finally, a 5 mm ground glass opacity that was detected by 3 study
radiologists and missed by the CAD system is shown in Fig. 9.

DISCUSSION
In the past few years, several studies have investigated the effect of CAD on radiologists’
interpretation of thoracic CT examinations for the detection of pulmonary nodules. Awai et al.
(20) used a data set of 50 CT examinations with 10 observers to study the effect of a CAD
system. Five of the observers were radiologists who did not specialize in thoracic radiology
and five were radiology residents. The results were analyzed using Alternative ROC (AFROC)
(38) analysis, and a paired t-test for the area A1 under the AFROC curve for each radiologist.
Average A1 values without and with CAD were 0.64 and 0.67, respectively, and the difference
was statistically significant (p<0.01). Li et al. (21) used a data set of twenty-seven low-dose
CT studies including 17 patients with missed peripheral lung cancers. Fourteen observers
including three thoracic radiologists read the cases without and with CAD, either in cine-mode
or in a multiformat display, indicated the location of the most suspicious position on each CT
examination, and provided a confidence level regarding the presence of lung cancer. ROC
analysis indicated a significant improvement in Az with CAD. Localization ROC (LROC)
analysis also showed improvement; however, no statistical test was performed due to the lack
of a standard method for statistical comparison of LROC curves. Brown et al. (22) used a data
set of 6 CT examinations containing lung nodules, 2 nodule-free examinations, and a
population of 202 observers to evaluate the effect of CAD. JAFROC analysis of the results of
the 13 observers who read all eight cases indicated an improvement of 22% in FOM with CAD,
but the improvement did not achieve statistical significance likely due to the limited sample
size. Both the sensitivity and the FP rates of the 13 observers increased significantly with CAD.
Das et al. (23) compared the effectiveness of two commercial CAD systems in assisting three
radiologists with 1, 3, and 6 years of interpreting CT examinations of the chest, on a data set
of 116 small lung nodules with a mean diameter of 3.4 mm. All radiologists showed
improvement in their sensitivities with CAD, however, the FP rates without and with CAD
was not analyzed.

Our study included a relatively large number of CT examinations (N=85) and used free-
response ROC methodology for data collection, in which the observers provided a mark-rating
pair for each perceived abnormality. The results were analyzed using JAFROC methodology,
which has been shown, through simulation studies, to have higher statistical power compared
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to ROC analysis (39). The statistics presented in our Results section may therefore be more
robust than those that may be obtained using only a comparison of sensitivities, ROC or
AFROC, or analysis with a smaller sample size.

Our results show that radiologists’ sensitivity increased with the nodule diameter threshold,
both with or without CAD. The FOM obtained by JAFROC analysis also showed the same
trend. This is not surprising since larger nodules are easier to detect by both the radiologist and
the CAD system. Radiologists’ average sensitivity in the without-CAD mode increased from
0.56 to 0.84 as D increased from 3 to 6 mm. The CAD system’s sensitivity alone was lower
than the radiologists’ average sensitivity at all nodule size thresholds. The difference Δ(sens)
between the sensitivities of the radiologists and the CAD system increased as the nodule size
threshold increased, with Δ(sens)=0.02, 0.03, 0.09, and 0.08, at D=3, 4, 5, and 6 mm,
respectively. As a result, the improvement in radiologists’ sensitivity with CAD was higher
for D=3 and 4 mm than D=5 and 6 mm (Table 5). The percentage increase in sensitivity with
CAD was 18.9%, 13.1%, 6.9% and 7.7% at D=3, 4, 5 and 6 mm, respectively. Accompanying
the increase in sensitivity, we observed a statistically significant increase in the number of
false-positives (Table 5), which could result in unnecessary additional workup and/or follow-
up if the results were extrapolated to clinical practice. The increase in FOM with CAD showed
a downward trend as D increased (Table 4), similar to that of the sensitivity change with CAD.
As a result of this trend, and also as a result of the reduced sample size as D increased, the
effect of CAD on the detection accuracy (FOM) was statistically significant for D=3 and 4
mm, and did not achieve significance for D=5 and 6 mm (Table 4).

Table 3 indicates that, at a nodule diameter threshold of D=3 mm, the radiologists with the two
lowest FOM in without-CAD mode (R2 and R3) showed the largest improvement with CAD
(ΔFOM=0.049 and 0.085 for R2 and R3, respectively). The radiologists with the highest FOM
in without-CAD mode (R6) showed the second-smallest improvement with CAD
(ΔFOM=0.023). The difference between the highest and the lowest FOM among the six
radiologists was 0.17 in the without-CAD mode and 0.15 in the with-CAD mode. Similar trends
were observed for the sensitivity. For example, at the same nodule diameter threshold of D=3
mm, the difference between the highest and the lowest sensitivity was 0.31 in the without-CAD
mode and 0.21 in the with-CAD mode (Table 5). These results suggest that CAD may be useful
for reducing the difference in lung nodule detection performance between radiologists.

As discussed in the Results section, the study radiologists rejected as FPs some of the reference
nodules that were detected by the CAD system. Figure 6 shows a reference nodule that was
marked by three of the four LIDC expert radiologists in unblinded reading mode, and was
detected by the CAD system. In our observer study, this reference nodule was marked by one
radiologist in the without-CAD mode. In the with-CAD mode, three additional study
radiologists accepted the CAD mark as a nodule while two study radiologists rejected the CAD
mark as an FP. The rejection of the prompts by one expert and two study radiologists is clearly
a result of inter-radiologist variation in interpretation, rather than a failure to detect the
abnormality. It has been argued that an important problem with CAD utilization is that
radiologists frequently ignore true lesions detected by the CAD system (40,41). When the CAD
system generates a fairly large number of FPs, radiologists’ confidence in the system may be
reduced and they may be more reluctant to accept computer prompts (42). Eye-tracking studies
(43) suggest that the majority of missed lung cancers on chest radiographs are due to
interpretation, rather than detection errors. Improvement of the FP rate of the CAD system,
and alternative methods to present computer results (44) may help reduce interpretation errors.

The collection of a large data set with ground truth for an observer study is time-consuming.
To reduce the data collection effort, we included in our data set cases that were already collected
by the LIDC from five different institutions and annotated by expert radiologists. As discussed
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above and shown in Table 1, our data set included scans acquired by CT scanners from different
manufacturers, and different image acquisition and reconstruction parameters. The use of a
heterogeneous test data set provided the advantage of assuring that the CAD system
performance or the observer study results are not limited to a particular image acquisition or
reconstruction protocol. In order to reduce heterogeneity in the reference standard, cases both
from the LIDC and our institution were read in consensus by two experienced radiologists in
a second-phase review to establish the reference standard.

We did not stratify the analysis of the effect of CAD by manufacturer, model, or reconstruction
kernel type because of the relatively small sub-group sizes. However, we observed that the
CAD system performance depended strongly on the reconstruction kernel type. For scans
reconstructed using a smooth or medium-smooth kernel (standard, B31s or B30f) the average
number of FPs per scan was 6.42, and for those reconstructed using a sharp kernel (bone or D)
the average number of FPs per scan was 3.18. The sensitivities for the former and latter groups
were 0.54 and 0.52, respectively, indicating a slightly lower sensitivity with a sharp kernel.
These results are consistent with those in an earlier study (45) that compared CAD system
performance for a data set of thoracic CT scans reconstructed using four different
reconstruction kernels, which found that a smoother kernel resulted in a significantly higher
FP rate and slightly higher sensitivity. These observations may be attributed to the more
homogeneous gray-level values and smoother shapes of the objects segmented from CT scans
reconstructed with smoother kernels, which may cause some of the non-nodule objects to be
misclassified as nodules. Higher signal-to-noise ratio and better computer detectability are
expected for low-contrast nodules with smoother reconstruction kernels (46).

Our study had a number of limitations. First, the number of malignant nodules was too small
for statistical analysis of the effect of CAD on malignant and benign subgroups, as pathology
information about nodules in Group 1 was not available, and Group 2 included only six cases
that contained biopsy-proven malignant nodules. The results of our study for lung nodule
detection therefore cannot be directly extrapolated to reveal the impact of CAD for lung cancer
detection. However, differentiation of benign and malignant lung nodules on CT is difficult,
especially for small nodules. The current guidelines for the management of small pulmonary
nodules detected on CT scans from the Fleischner Society recommend that any non calcified
lung nodule found on CT in a high-risk patients should be followed-up with CT at a minimum,
with more aggressive management as nodule size increases (47). The additional nodules
detected by radiologists using CAD could potentially result in earlier lung cancer detection,
regardless of the appearance of the nodule on the current examination.

A second limitation of our study, related to the first, is that the reference standard of the presence
of a nodule was established by a consensus panel rather than biopsy-proven. Given that small
pulmonary nodules are generally not assessed by biopsy or resection, the reference standard
was defined by an expert panel in several previous studies involving CAD for lung nodule
detection on CT (16,23,48). Results of studies that rely on an expert panel, including our study,
clearly depend on how the expert panel review is conducted, and how the “truth” is labeled
based on that review. It has been shown in the literature that depending on how the reference
standard was established based on the panel’s readings, different modalities could be shown
to be statistically significantly better than others (49). An analysis of the dependence of our
results on the various combinations of “truth” obtained in the first and second phases used in
the construction of the reference standard would be an interesting topic for future study.

A third limitation of our study is that some of the examinations had a large number of reference
nodules. The detection of additional nodules with CAD may not make a difference in the
clinical management of these patients. In our study design, we attempted to limit the number
of such cases by excluding CT examinations with a large number of reference nodules detected
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in the first phase. At the end of the second phase, due to additional nodules that were detected
during the observer study, six examinations were determined to have more than seven nodules
with diameter ≥3 mm (Fig. 4). The main conclusions of the study, however, do not necessarily
depend on the number of nodules per examination, and are unlikely to be affected by these
examinations.

We used the reference radiologists’ readings for the diameter of TPs to analyze the size
dependence retrospectively because the study radiologists did not measure the diameter of their
findings. For FPs, there were no size measurements by the reference radiologists. As a result,
when we compared radiologists’ performance with and without CAD with respect to nodule
size, all FPs were included regardless of the nodule size threshold. In a scenario in which the
radiologists might be asked to indicate only nodules larger than a certain threshold, some of
these FPs would not have been marked because their diameter might be smaller than the
threshold. Therefore, our FROC curves and FOMs may be pessimistically biased, i.e., might
be lower than they would have been if the radiologists were asked to indicate only nodules
larger than a certain threshold. Since the with-CAD mode included more FPs, it might contain
even more below-threshold FPs than those in the without-CAD mode. The pessimistic bias, if
any, will therefore be larger in the with-CAD mode, which means that the trend for the
improved performance with CAD will not be affected. In future studies, if the resources of the
study permit, it may be beneficial to ask the study radiologists to measure the size of their
findings.

We conclude that the use of a CAD system with a reasonable performance level has the potential
to improve radiologists’ performance in detecting pulmonary nodules in MDCT examinations,
particularly smaller nodules which are more often missed by even thoracic radiology fellowship
trained readers.
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Figure 1.
The distribution of the nodule diameter for the 85 CT examinations in our data set.
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Figure 2.
The distribution of the number of lung nodules in a scan for the 85 CT examinations in our
data set.
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Figure 3.
The block diagram of our computerized nodule detection system.
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Figure 4.
The GUI developed for the observer performance study. The figure shows an example of
reading in the without-CAD mode, in which the radiologist provided a mark-rating pair for
each suspected nodule by enclosing the central slice of the suspected lesion with a rectangle,
and providing an LN rating on a scale of 1 to 100.
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Figure 5.
FROC curves for the six study radiologists without and with CAD for nodules with diameter
≥ 4 mm (D=4).
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Figure 6.
A reference nodule that was detected by 1 and 4 study radiologists in the without- and with-
CAD modes, respectively. Three of the four expert LIDC radiologists marked this reference
nodule in the unblinded reading mode. This example demonstrates that some of the so-called
misses in both without- and with-CAD modes may in reality be differences of interpretation
between the study radiologists and the reference radiologists.
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Figure 7.
A TP CAD mark that increased radiologists’ sensitivity. This is a 4 mm reference nodule that
was detected by 2 of the 6 study radiologists in the without-CAD mode. After viewing the
computer prompt in the with-CAD mode, the other 4 study radiologists also marked this finding
as a nodule.
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Figure 8.
An FP CAD mark that increased radiologists’ FP rate. In the without-CAD mode, 1 out of 6
radiologists marked this apical scar as a nodule. After viewing the computer prompt in the
with-CAD mode, two additional study radiologists marked it as a nodule.
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Figure 9.
An FN of the CAD system. This 5 mm ground-glass opacity was detected by 3 study
radiologists in the without-CAD mode, and missed by the CAD system.
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Table 1

The Manufacturer and Model of the CT Scanners, and the Reconstruction Filter Type for the 85 Examinations
in Our Data Set

Manufacturer/Model Number of scans Filter Type

GE LightSpeed QX/I 17 Bone

GE LightSpeed Ultra 1 Bone

GE LightSpeed Ultra 35 Standard

GE LightSpeed 16 5 Standard

Philips Brilliance 16 3 D*

Siemens Emotion 6 4 B31s†

Siemens Sensation 16 15 B30f‡

Siemens Sensation 64 5 B30f

*
Filter D is described by the manufacturer as optimized for high-contrast objects

†
Filter B31s is described by the manufacturer as medium-smooth filter

‡
Filter B30f is described by the manufacturer as smooth filter
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Table 2

Computer Detection Sensitivities for Nodule Diameter Thresholds of 3, 4, 5, and 6 mm, and the FP Rate.

FP rate (average # of FPs per scan)

Average sensitivity at nodule diameter threshold

3 mm 4 mm 5 mm 6 mm

5.6 54% 64% 68% 76%
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Table 3

The Figure-of-Merit (FOM) by JAFROC Analysis in the Without- and With-CAD Modes at a Nodule Diameter
Threshold of D=3 mm.

Radiologist FOM without-CAD FOM with-CAD Increase with CAD

R1 0.697 0.736 0.039

R2 0.538 0.587 0.049

R3 0.628 0.713 0.085

R4 0.690 0.72 0.030

R5 0.706 0.741 0.035

R6 0.708 0.731 0.023

Average 0.661 (0.622–0.698) 0.705 (0.664–0.743) 0.044

Note.– Numbers in parentheses indicate the 95% confidence interval.
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Table 4

Average FOM by JAFROC Analysis of the Six Study Radiologists for Nodule Diameter Thresholds of 3, 4, 5,
and 6 mm.

Nodule
Diameter
Threshold

(mm)

Average FOM without-
CAD (95% confidence
interval)

Average FOM with-
CAD (95% confidence
interval) Increase with CAD p-value

3 0.661 (0.662–0.698) 0.705 (0.664–0.743) 0.044 0.002

4 0.729 (0.685–0.770) 0.763 (0.717–0.805) 0.034 0.020

5 0.793 (0.743–0.836) 0.810 (0.759–0.853) 0.017 0.18

6 0.838 (0.782–0.884) 0.862 (0.808–0.905) 0.024 0.13

Acad Radiol. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sahiner et al. Page 28

Ta
bl

e 
5

A
ve

ra
ge

 F
P 

R
at

e 
an

d 
Se

ns
iti

vi
ty

 o
f t

he
 S

ix
 S

tu
dy

 R
ad

io
lo

gi
st

s f
or

 N
od

ul
e 

D
ia

m
et

er
 T

hr
es

ho
ld

s o
f 3

, 4
, 5

, a
nd

 6
 m

m
.

A
ve

ra
ge

 se
ns

iti
vi

ty
 a

t n
od

ul
e 

di
am

et
er

 th
re

sh
ol

d

FP
 r

at
e 

(a
ve

ra
ge

 #
 o

f F
Ps

 p
er

 sc
an

)
3 

m
m

4 
m

m
5 

m
m

6 
m

m

w
ith

ou
t-C

A
D

0.
66

7 
(0

.1
53

–1
.2

59
)

0.
55

9 
(0

.3
69

–0
.6

76
)

0.
67

0 
(0

.5
07

–0
.7

82
)

0.
77

3 
(0

.6
35

–0
.8

47
)

0.
83

6 
(0

.7
41

–0
.8

89
)

w
ith

-C
A

D
0.

77
8 

(0
.2

00
–1

.4
12

)
0.

66
5 

(0
.5

44
–0

.7
55

)
0.

75
8 

(0
.6

62
–0

.8
38

)
0.

82
5 

(0
.7

53
–0

.8
94

)
0.

90
1 

(0
.8

15
–0

.9
63

)

%
 in

cr
ea

se
 w

ith
 C

A
D

16
.8

%
18

.9
%

13
.1

%
6.

9%
7.

7%

p-
va

lu
e

0.
00

3
0.

00
1

0.
00

3
0.

02
3

0.
01

9

N
ot

e.
– 

A
 li

ke
lih

oo
d 

of
 n

od
ul

e 
(L

N
) t

hr
es

ho
ld

 o
f 0

 w
as

 u
se

d 
to

 d
et

er
m

in
e 

w
hi

ch
 m

ar
ki

ng
 c

or
re

sp
on

de
d 

to
 a

 T
P,

 a
n 

FP
, o

r a
n 

O
N

C
. N

um
be

rs
 in

 p
ar

en
th

es
es

 in
di

ca
te

 th
e 

ra
ng

e.
 T

he
 st

at
is

tic
al

 si
gn

ifi
ca

nc
es

 o
f

th
e 

di
ff

er
en

ce
s i

n 
se

ns
iti

vi
tie

s a
nd

 F
P 

ra
te

s b
et

w
ee

n 
th

e 
w

ith
ou

t- 
an

d 
w

ith
-C

A
D

 m
od

es
 w

er
e 

es
tim

at
ed

 w
ith

 th
e 

St
ud

en
t’s

 p
ai

re
d 

t-t
es

t f
or

 th
e 

6 
ra

di
ol

og
is

ts
.

Acad Radiol. Author manuscript; available in PMC 2010 December 1.


