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Computer-assisted detection of pulmonary
nodules: evaluation of diagnostic performance
using an expert knowledge-based detection
system with variable reconstruction slice
thickness settings

Abstract The purpose of this study
was to evaluate the performance of a
computer-assisted diagnostic (CAD)
tool using various reconstruction slice
thicknesses (RST). Image data of 20
patients undergoing multislice CT for
pulmonary metastasis were recon-
structed at 4.0, 2.0 and 0.75 mm RST
and assessed by two blinded radiolo-
gists (R1 and R2) and CAD. Data
were compared against an independent
reference standard. Nodule subgroups
(diameter >10, 4–10, <4 mm) were
assessed separately. Statistical meth-
ods were the ROC analysis and Mann-
Whitney U test. CAD was outper-
formed by readers at 4.0 mm (Az =
0.18, 0.62 and 0.69 for CAD, R1 and
R2, respectively; P<0.05), comparable
at 2.0 mm (Az = 0.57, 0.70 and 0.69
for CAD, R1 and R2, respectively),
and superior using 0.75 mm RST (Az
= 0.80, 0.70 and 0.70 and sensitivity =

0.74, 0.53 and 0.53 for CAD, R1 and
R2, respectively; P<0.05). Reader
performances were significantly
enhanced by CAD (Az = 0.93 and
0.95 for R1 + CAD and R2 + CAD,
respectively, P<0.05). The CAD ad-
vantage was best for nodules <10 mm
(detection rates = 93.3, 89.9, 47.9 and
47.9% for R1 + CAD, R2 + CAD, R1
and R2, respectively). CAD using
0.75 mm RST outperformed radiolo-
gists in nodules below 10 mm in
diameter and should be used to replace
a second radiologist. CAD is not
recommended for 4.0 mm RST.
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Introduction

Lung cancer represents the leading cause of cancer death
in western countries, with a mean 5-year survival rate for
all stages of 14%, which despite recent advances in di-
agnosis and treatment strategies has not changed sig-
nificantly in the past 3 decades [1]. The prognosis of stage
I cancer is more favorable, with 5-year mean survival rates
of about 49%. However, only about 15% of lung cancers
are diagnosed at this early stage [1]. CT is the most
sensitive imaging modality for detection of early lung
cancer [2–7]. The introduction of multislice CT (MSCT)
scanners with short gantry revolution times and simulta-

neous acquisition of up to 16 0.625–0.75-mm slices has
allowed for coverage of the entire chest by sub-millimeter
isotropic volume acquisition within a single breathhold,
enabling for detection of increasing quantities of small
lung nodules. However, one MSCT examination of the
chest delivers up to 750 axial images, which generate
difficulties for chest radiologists, resulting in increasing
false-negative rates for detection of small lesions [8].
Although thin-section CT allows for depiction of nodules
as small as 1 mm [8], the detection rate of these lesions is
generally low. In their study investigating nodules of 1–7
mm in size, Naidich and co-workers identified only 63% of
all nodules, and in diameter ranges below 3.0 and 1.5 mm,
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detection rates fell to 48 and 1%, respectively [9]. Par-
ticularly with ongoing MSCT lung cancer screening trials
documenting large numbers of small pulmonary nodules
—lesions below 4-mm diameter account for some 40% of
all noncalcified lung nodules—the demand for automated
assistance in the detection and work-up of nodular lesions
becomes evident [10–14]. The purpose of this study is to
evaluate the performance of a knowledge-based compu-
ter-assisted diagnosis (CAD) system in patients with mul-
tiple pulmonary nodules due to metastatic disease and to
test the influence of various reconstruction slice thick-
nesses (RST) settings on the CAD performance in com-
parison and in combination with two experienced chest
radiologists. Therefore, it tested the potential of CAD to
improve nodule detection of radiologists using common
RST settings of MSCT of the chest.

Materials and methods

Study design

This is a prospective observational study comparing
the utility of an interactive CAD system prototype (ICAD,
Siemens Medical Solutions, Erlangen, Germany) for
multislice-CT-based detection of solid pulmonary nodules,
with the performance of two experienced chest radiolo-
gists using various CT image RST. Multislice-CT (MSCT)
scan images of patients being routinely evaluated for
pulmonary metastatic disease were prospectively recon-
structed using three slice thickness settings and evaluated
by CAD and two experienced chest radiologists for solid
pulmonary nodules. The results were compared against an
independent reference standard. The resulting study data
were not utilized for clinical decision making, and at our
center no institutional review board approval is required
for this type of study.

Study population, CT scans and their evaluation by
radiologists

Multislice CT scans of the chest were obtained from 20
consecutive patients (mean age: 62.4 years; range: 29–84
years) at our center. All scans were performed using a 16-
row MSCT unit (Sensation 16, Siemens Medical Solu-
tions, Erlangen, Germany). The scan parameters used were
tube voltage 120 kV, tube current 80 mAs at 0.5 s gantry
revolution, 0.75-mm slice collimation and table feed of
19.2 mm/rot. Routinely, single phase peripheral intrave-
nous power injection was performed using 80 ml nonionic
contrast material of 300 mg/ml iodine concentration
(Ultravist 300, Schering AG, Berlin, Germany) and sub-
sequently 30 ml of normal saline solution at a flow of 2–3
ml/s. Image data were reconstructed using a lung filter
kernel (B60f) at slice thickness settings of 4.0, 2.0 and

0.75 mm at 2.7-, 1.2- and 0.6-mm reconstruction in-
crements (RI), respectively. The RST/RI settings were
chosen to obtain image data comparable with standard
single slice chest CT (RST = 4 mm; RI = 2.7 mm),
standard chest MSCT with a limited numbers of resulting
images (RST =2 mm; RI =1.2 mm) and MSCT with high
isotropic resolution (RST =0.75 mm; RI =0.6 mm). Image
data were stored and analyzed on a dedicated workstation
not accessible for clinical routine. All CT image data were
independently evaluated by two experienced chest radi-
ologists who were blinded to the patient CT study and
reconstruction protocol data. CT datasets were assessed
using the interactive axial cine mode. Reader confidence
for diagnosis of each pulmonary nodule was assessed and
documented on a three-point scale (0= negative, 1= un-
certain, 2= positive). The readers documented nodule
position, diameter and solidity (solid, part solid and ground
glass, as well as calcification). All image data were re-
evaluated by the two radiologists in consensus with the
CAD results.

CAD tool and CT evaluation by CAD

The CAD system (Siemens Medical Solutions, Erlangen,
Germany; Siemens Corporate Research, Princeton, NJ) is
a knowledge-based automatic lung nodule detection pro-
totype comprising multiple “expert processing modules”
to detect nodules with or without pleural or vascular
attachment. Solitary nodules are recognized by an adaptive
local histogram-based threshold-aided segmentation algo-
rithm. After the structure is classified within a volume of
interest (VOI), the chest wall is recognized and auto-
matically removed if included in the VOI. After this, the
potential nodule is extracted using a 3D-template method.
Principle component analysis and classification tools
ensure the segmentation of nodules in the presence of
vessel attachment and the exclusion of structures recog-
nized as non-nodules. An automatic bronchus recognition
system allows for reduction of false-positive ratings
simulated by bronchial wall thickening. The CAD seg-
mentation algorithm has been described previously [15].
The CAD system offers a percentual confidence level for
diagnosis of each lung nodule that was used for sub-
sequent statistical analysis. Additionally, each nodule
diameter is displayed on the output screen (Fig. 1). CAD
image data evaluation was performed after evaluation by
the two study readers.

Standard of reference and nodule inclusion criteria

The reference standard was established by consensus of
two independent experienced chest radiologists who eval-
uated all datasets (0.75-, 2.0-, 4.0-mm datasets, Fig. 2) in
consensus with knowledge of the results of the study
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radiologists and CAD. The reference standard containing
all nodules found on 0.75-mm slices was chosen for
comparison of performance of CAD at different slice
thicknesses. For comparison of CAD with reader perform-
ances for each of the reconstruction protocols, a portion of
the reference standard containing all nodules detectable on
each individual RST (4.0, 2.0 and 0.75 mm) was used as
ground truth reference. Hereafter, results pertaining to the
total number of nodules contained in the reference stan-
dard are referred to as absolute detection rates or absolute
performances, and results pertaining to the reduced ref-
erence standard of nodules detectable in one particular
RST setting are referred to as relative detection rates or
relative performance. The nodule diameters were adapted
in consensus from CAD measurement data or in cases of
failed CAD detection revaluated manually or adapted from
the study reader data. For assessment of the potential
clinical significance of CAD performance in patients with
incidental lung nodule findings, all nodules in our study
were grouped according to a malignancy-probability and a
resulting diameter-related clinical actionability equivalent
(high actionability equivalent: nodule diameter ≥10.0 mm,
intermediate actionability equivalent: nodule diameter of
4–9.9 mm and low actionability equivalent: nodule diam-
eter <4 mm). Criteria for the diagnosis of a pulmonary
nodule were the presence of a well-demarcated, solid, part-
solid or ground glass spherical to irregular structure that, if

solid, should have a density in the range of soft tissue or
above or otherwise be well above the surrounding lung
parenchyma (Fig. 2). Linear and subpleural densities that
were attributable to pleural adhesions without nodular
aspect were excluded from the reference standard. Bron-
chial wall thickening, thickening of interlobular septa and
linear or reticular interstitial changes were excluded, as
were areas of air space consolidation and regions with
movement artifacts that would not allow for safe differ-
entiation between pulmonary nodules and bronchial or
vascular structures.

Fig. 1 Surface of CAD show-
ing a results section containing
position data, confidence level
score and size measurements.
The full axial slice display
shows recognized structures
marked by arrows (here nodule
confirmed by the reference
standard in right posterior upper
lobe, arrow). The 3D display at
the top left shows in this case a
nodule with vascular attachment

Fig. 2 A 2.5-mm diameter subpleural nodule of the right apical
upper lobe segment in A 4.0-mm, B 2.0-mm and C 0.75-mm RST
image data. On 4.0-mm RST the nodule was not recognized by the
review panel and therefore not in the reference standard
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Statistical methods

Statistical calculations were performed using a spread-
sheet-based software package (StatsDirect release 2.3.4).
Statistical evaluation of CAD and radiologist sensitivities
and false-positive ratings per scan was performed by ROC
analysis. StatsDirect performs the calculation of the area
under the ROC by a non-parametric method analogous to
the Wilcoxon/Mann-Whitney test [16, 17]. Two-tailed
confidence intervals were calculated using DeLong’s var-
iance estimate [18]. Interobserver agreement between
readers and CAD and each reader were evaluated by the
method described by Markus, Bland and co-workers [19].
Median diameter differences between the various detected
and nondetected nodule groups were assessed by Mann-
Whitney U test. All tests were performed two-tailed with P
values less than 0.05, indicating statistical significance.

Results

Interobserver agreement and nodule detection rates

A total of 135 nodules were included by the review panel
in the reference standard. On 2.0- and 4.0-mm RST image
data 129 and 59 nodules, respectively, were considered
identifiable. Minor breathing or other pulmonary move-
ment artifacts were recorded by the study readers in 4 of 20
patients and small areas of atelectasis or consolidation
were recorded in three patients each. Emphysema or other
pathologic diffuse low pulmonary attenuation was not
recorded. In no case was the scan quality judged to be
more substantially reduced than to allow for assessment of
pulmonary nodules. The vast majority (97.0%) of the
detected nodules was solid. A small minority of nodules
(4.4%) was calcified. Therefore, testing for influence of
nodule solidity on their detection by CAD and the readers
was not performed. Reader confidence was generally good
to excellent: the rates of indeterminate reader 1 and 2
ratings were 5.5 and 6.2%, 7.1 and 7.9% and 10.6 and
1.7% for 0.75-, 2.0- and 4.0-mm RST settings, respec-
tively. Agreement between readers 1 and 2 was very good
with all RST settings (k=0.89, 0.88 and 0.91 for 0.75-, 2.0-
and 4.0-mm slice thickness settings, respectively). How-
ever, agreement between the readers and CAD was
generally poor (k=0.39–0.40, 0.36–0.38 and 0.15–0.36
for 0.75-, 2- and 4-mm RST settings, respectively, Table 1).
CAD had a lower lung nodule detection rate than the
readers in 4.0-mm RST image data (absolute detection
rates for CAD, readers 1 and 2 d=20.0, 35.5 and 38.5%,
respectively), and with the use of 2.0- and 0.75-mm RST
settings, it detected more nodules than the readers (ab-
solute detection rates for CAD, readers 1 and 2 d=65.9,
47.4 and 47.4% for 2.0 mm, and 76.3, 52.3 and 52.3% for
0.75 mm RST settings, respectively, Table 2). Using 0.75-
mm slices, CAD detected 45.1% more nodules than the

readers and with support of CAD readers 1 and 2 detected
again 22.3 and 18.4% more nodules compared to CAD
alone. With 2.0-mm RST CAD detected 39.1% more
nodules than readers 1 and 2 and with support of CAD
readers 1 and 2 detected again 28.1 and 34.8% more nod-
ules than CAD, respectively. On 4.0-mm RST image data
sets CAD detected 43.8 and 48.1% less nodules than
readers 1 and 2. With support of CAD, readers 1 and 2
improved their nodule detection rates only by an additional
10.2 and 7.7%, respectively (Table 2).

Influence of reconstruction slice thickness on detected
nodule size by CAD and readers

Using 0.75-mm-thick reconstructed slices, no significant
difference in size between nodules detected or missed by
CAD could be demonstrated (diameters of detected nod-
ules =5.28±3.14 mm; diameters of non-detected nodules
=4.3±1.7 mm, P=0.373), whereas nodules detected by the
readers were significantly larger than their missed nodules
(diameters of detected nodules =5.5±3.0 mm; diameters of
non-detected nodules =3.6±1.6 mm; P<0.0001, Table 3).
In addition, nodules missed by the readers were signifi-
cantly smaller than nodules missed by CAD (P=0.007).
Similarly, significant size differences were found with the
use of 2.0-mm RST datasets (Table 3). With 4.0-mm RST
nodules detected by CAD were larger than missed nodules
(diameters of detected nodules =7.21±2.74 mm; diameters
of non-detected nodules =5.53±3.03 mm, P=0.028). The
same was observed for nodules detected by the readers
(diameters of detected nodules =6.97±2.99 mm; diameters
of non-detected nodules =4.82±1.61 mm; P=0.002). There
was no significant size difference between nodules missed
by CAD and those missed by the readers (P=0.786, Table
3). The detection rates of nodules with low and interme-
diate clinical diameter-related actionability equivalent were
higher with CAD than with the readers and rose
substantially with smaller RST settings (Table 4): the
detection rates for nodules of these size ranges were best

Table 1 Pairwise interobserver agreement

Observers RST (mm) k

Reader 1–2 4.0 0.905
Reader 1–CAD 4.0 0.156
Reader 2–CAD 4.0 0.357
Reader 1–2 2.0 0.882
Reader 1–CAD 2.0 0.359
Reader 2–CAD 2.0 0.379
Reader 1–2 0.75 0.887
Reader 1–CAD 0.75 0.409
Reader 2–CAD 0.75 0.398

k, pairwise interobserver agreement for positive observations; CI,
confidence interval; RST, reconstruction slice thickness.
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with support of readers 1 and 2 by CAD using 0.7 mm
RST (absolute detection rates for high, intermediate and
low diameter-related actionability equivalent =100, 98.3–
100 and 82.0–86.9%, respectively).

Influence of reconstruction slice thickness on absolute
CAD and reader performances and comparison of
relative observer performances at various
reconstruction slice thickness settings

Absolute CAD performance pertaining to 135 nodules of
the reference standard was best using 0.75-mm recon-
structed sections (Az =0.8, 95% CI =0.71–0.89), with
73.9% sensitivity (95% CI =0.66–0.81) and 0.79 false-
positive ratings per scan (Table 5). Due to a fall of the total

nodule detection rate from 76.2 to 66.0% and an in-
creasing total false-positive rate of 1.05 per scan, the CAD
performance deteriorated significantly using 2.0-mm sec-
tions (Az =0.57, 95% CI =0.46–0.69), with a sensitivity of
59% (95% CI =0.5–0.67) and 1.1 false-positive ratings per
scan. With a massive decrease of the absolute nodule
detection rate to 20% and a growing total false-positive
rate, performance declined again significantly using 4.0-
mm sections (Az =0.18, 95% CI =0.13–0.23). Compared
to 2.0-mm sections, CAD sensitivity was significantly
reduced to 4.4% (95% CI =0.02–0.09) with 4.5 false-
positive ratings per scan (Table 5). However, the changes
of absolute reader performance pertaining to 135 nodules
of the reference standard were dissimilar: although the
absolute performances of both readers were slightly im-
proved by diminution of the RST values from 4.0 through

Table 2 Nodule detection by
CAD and readers

spec., specific; RST, recon-
struction slice thickness; FP,
false-positive.

Observer RST (mm) n in all
scans

n detectable
at spec. RST

n detected Total n not
detected

FP

CAD 4.0 135 59 27 108 84
CAD 2.0 135 129 89 46 18
CAD 0.75 135 135 103 32 11
Reader 1 4.0 135 59 48 87 0
Reader 1 2.0 135 129 64 71 2
Reader 1 0.75 135 135 71 64 5
Reader 2 4.0 135 59 52 83 0
Reader 2 2.0 135 129 64 71 5
Reader 2 0.75 135 135 71 64 3
Reader 1 + CAD 4.0 135 59 54 81 0
Reader 1 + CAD 2.0 135 129 114 21 3
Reader 1 + CAD 0.75 135 135 126 9 2
Reader 2 + CAD 4.0 135 59 56 79 0
Reader 2 + CAD 2.0 135 129 120 15 3
Reader 2 + CAD 0.75 135 135 122 13 1

Table 3 Descriptive statistics of detected and undetected nodules

Observer RST
(mm)

Detection Group
index

n missed/
detected

Min
(mm)

Max
(mm)

MD
(mm)

SD
(mm)

SEM
(mm)

Comp. p Comp. p

CAD 4.0 Yes 1 27 2.9 14 7.214 2.74 0.457 1, 2 0.028 2, 8 0.786
CAD 4.0 No 2 32 1.6 11.5 5.526 3.032 0.696
CAD 2.0 Yes 3 89 2 14 4.858 2.572 0.263 3, 4 0.679 4, 10 0.01
CAD 2.0 No 4 30 1 10 5.061 2.542 0.457
CAD 0.75 Yes 5 103 1.8 14 5.281 3.144 0.316 5, 6 0.373 6, 12 0.007
CAD 0.75 No 6 32 1 8 4.345 1.714 0.308
1 and 2 4.0 Yes 7 100 1.6 14 6.969 2.994 0.312 7, 8 0.002 1, 3 <0.0001
1 and 2 4.0 No 8 18 2 7.8 4.815 1.612 0.361
1 and 2 2.0 Yes 9 128 1 14 6.213 2.889 0.259 9, 10 <.0001 1, 5 0.0001
1 and 2 2.0 No 10 130 2 7.8 3.663 1.267 0.111
1 and 2 0.75 Yes 11 142 1 14 5.506 3.04 0.216 11, 12 <.0001 3, 5 0.858
1 and 2 0.75 No 12 128 1.8 9.1 3.592 1.578 0.142

RST, reconstruction slice thickness; Min., minimum diameter; Max., maximum diameter; MD, mean diameter; SD, standard deviation;
SEM, standard error of mean; comp., group comparison; P, P value of Mann-Whitney U test.
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2.0 to 0.75 mm, the influence on the Az values was not
statistically significant (0.62–0.70 and 0.69–0.70 for read-
ers 1 and 2, respectively, P>0.05). However, the false-
positive rates per scan were increased (from 0 to 2.6 and
0 to 2.1 for readers 1 and 2, respectively) with decreasing
RST values (Table 5).

The analyses of relative CAD performances in compar-
ison to the two radiologists on 4.0-, 2.0- and 0.75-mm-thick
slices pertaining to the nodules documented on the images at
each RST setting are listed in Table 6. In 0.75-mm
reconstructed sections, CAD outperformed the two readers
(Az=0.802, 95% CI=0.71–0.89 for CAD vs. Az=0.64 and
0.69, 95% CI=0.52–0.76 and 0.58–0.81 for readers 1 and 2,
respectively). Sensitivity of CAD was significantly higher

than reader sensitivities (CAD sensitivity=73.9%, 95%
CI=0.66–0.81; vs. both readers equally sensitivity=53%,
95% CI=0.44–0.62). False-positive CAD counts per scan
were higher than those of the readers (CAD FP/scan=0.79
vs. 0.26 and 0.21 for readers 1 and 2, respectively). Using
2.0-mm-thick reconstructed slices, no statistically significant
differences were found between the relative CAD and reader
performances, although the readers performed slightly
superiorly to CAD (CAD Az=0.59, 95% CI=0.47–0.69,
and Az=0.70, 95% CI=0.60–0.80 equally for readers 1 and
2). CAD sensitivity at 2.0-mm RSTwas slightly better than
that of the readers (CAD sensitivity=60.3%, 95% CI=0.51–
0.69 and sensitivities=48.9% and 51.2%, 95% CI=0.40–
0.58 and 0.42–0.60 for readers 1 and 2, respectively), which

Table 4 Size-related actionability equivalent of detected nodules

Observer D (mm) Actionability equivalent RS 0.75 mm RS (2 mm) 2.0 mm RS (4 mm) 4.0 mm

CAD >9.9 High 15 12 12 6 12 6
CAD 4–9.9 Intermediate 58 43 61 39 39 18
CAD <4 Low 61 47 56 44 8 3
Reader 1 >9.9 High 15 14 12 12 12 12
Reader 1 4–9.9 Intermediate 58 40 61 41 39 28
Reader 1 <4 Low 61 17 56 11 8 7
Reader 2 >9.9 High 15 14 12 12 12 12
Reader 2 4–9.9 Intermediate 58 40 61 40 39 32
Reader 2 <4 Low 61 17 56 12 8 7
Reader 1 + CAD >9.9 High 15 15 12 12 12 12
Reader 1 + CAD 4–9.9 Intermediate 58 58 61 53 39 34
Reader 1 + CAD <4 Low 61 53 56 49 8 7
Reader 2 + CAD >9.9 High 15 15 12 12 12 12
Reader 2 + CAD 4–9.9 Intermediate 58 57 61 58 39 35
Reader 2 + CAD <4 Low 61 50 56 50 8 8

D, diameter range; RS, reference standard; 0.75, 2.0, 4.0 mm, RST settings.

Table 5 ROC analysis of absolute CAD and reader performances

Observer RST (mm) n analyzed Az Cut-off point 95% CI Sensitivity 95% CI FP/scan

CAD 4.0 135 0.181 80.2 0.128–0.234 0.044 0.016–0.094 4.474
CAD 2.0 135 0.574 70.2 0.462–0.687 0.59 0.501–0.674 1.053
CAD 0.75 135 0.802 60.2 0.711–0.894 0.739 0.656–0.811 0.789
Reader 1 4.0 135 0.622 0.004 0.494–0.749 0.407 0.324–0.495 0
Reader 1 2.0 135 0.695 1.004 0.597–0.793 0.478 0.391–0.566 0.105
Reader 1 0.75 135 0.704 1.004 0.640–0.768 0.53 0.442–0.617 0.263
Reader 2 4.0 135 0.685 0.004 0.569–0.802 0.393 0.310–0.480 0
Reader 2 2.0 135 0.692 1.004 0.594–0.791 0.5 0.413–0.588 0.158
Reader 2 0.75 135 0.696 1.004 0.632–0.761 0.53 0.442–0.617 0.211
Reader 1 + CAD 4.0 135 0.692 2 0.652–0.734 0.382 0.302–0.467 0
Reader 1 + CAD 2.0 135 0.903 2 0.844–0.963 0.881 0.813–0.938 0.158
Reader 1 + CAD 0.75 135 0.928 2 0.873–0.983 0.925 0.867–0.964 0.105
Reader 2 + CAD 4.0 135 0.720 2 0.678–0.762 0.418 0.350–0.501 0
Reader 2 + CAD 2.0 135 0.938 2 0.888–0.988 0.896 0.835–0.938 0.158
Reader 2 + CAD 0.75 135 0.950 2 0.907–0.993 0.911 0.849–0.953 0.053

RST, reconstructed slice thickness; Az, Wilcoxon estimate of area under ROC curve; FP, false-positive.
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was outweighed by the increasing false-positive CAD rates
per scan (FP/scan=1.1 forCADand 0.11 and 0.16 for readers
1 and 2, respectively). Using 4.0-mm reconstructed sections,
the readers performed significantly superiorly to the CAD
system, which was largely attributable to high false-positive
and false-negative rates of CAD (Az of CAD=0.60, 95%
CI=0.51–0.69 and Az=0.96 and 0.94, 95% CI=0.92–1 and
0.89–0.99 for readers 1 and 2, respectively). As a result,
sensitivities and false-positive ratings per scan were sig-
nificantly better with the readers than with CAD (sensitivity
of CAD=0.60, 95% CI=0.47–0.72 and sensitivities=0.917
and 88.3%, 95% CI=0.82–0.97 and 0.77–0.95 for readers 1
and 2, respectively; FP/scan=4.47 for CAD and 0 for readers
1 and 2, respectively).

Influence of reconstruction slice thickness on absolute
reader performance supported by CAD

The results of a consensus reading of our study ra-
diologists with support of CAD are given in Tables 2, 4, 5.
By increasing nodule detection rates with simultaneous
reduction of false-positive rates in comparison to indepen-
dent CAD and readers on 0.75-mm RST data (detection
rates=93.3, 90.4, 76.3, 52.6 and 52.6% for CAD + reader 1,
CAD + reader 2, CAD, reader 1 and reader 2, respectively;
false-positive rate/scan=0.11, 0.05, 0.79, 0.26 and 0.21 for
CAD + reader 1, CAD + reader 2, CAD, reader 1 and
reader 2, respectively), the performances of readers 1 and 2
could be substantially or significantly improved by support
of CAD over the individual reader or independent CAD
values (Az=0.93, 0.95, 0.80, 0.70 and 0.70 for CAD +
reader 1, CAD + reader 2, CAD, reader 1 and reader 2,
respectively). Supported by CAD, readers 1 and 2 iden-
tified 312.8 and 294.1% more pulmonary nodules of low
diameter-related actionability equivalent (nodule diameter
<4 mm) than without CAD, 45.0 and 42.5% additional
nodules of intermediate diameter-related actionability
equivalent, respectively (nodule diameter 4.0–9.9 mm),
and a total of 94.7 and 87.7% additional nodules of low or
intermediate diameter-related actionability equivalent
(nodule diameter <10 mm, Table 4). Similar results were
obtained in 2.0-mm slices, where the absolute performance

of the readers with CAD support were significantly su-
perior to independent CAD and reader results (Table 5).
Using 4.0-mm RST, the readers’ absolute performances
could be only marginally improved without the advantage
reaching statistical significance.

Discussion

Computer-aided detection has been proposed as a manage-
ment solution to ever-increasing amounts of clinical
MSCT data. In the chest, CAD has been employed for
detection of pulmonary embolism, for quantification of
interstitial lung disease and for automatic measurement of
nodule volume [20–24]. Due to the inherently high
contrast between soft tissues and lung tissues, it represents
a particularly promising tool for optimized automated
detection of pulmonary nodules from MSCT datasets.
Several CAD approaches are currently undergoing clinical
evaluation with preliminary evidence that CAD may be
suited to guide the radiologist to suspicious lesions [20,
25–31]. Mathematical models for computer-aided detec-
tion of pulmonary nodules can be broadly divided into
two categories: density-based approaches using the high
density interval between the nodule and the pulmonary
parenchyma employ techniques such as multiple thresh-
olding [7, 25, 26], region-growing [20], locally adaptive
thresholding in combination with region-growing [27]
and fuzzy clustering [28] for nodule identification. A priori
knowledge of small nodules is applied to reduce false-
positive results from the detected nodule candidates [8].
Geometric model-based systems, by contrast, use the rel-
atively compact nodule shape in order to create the models
for nodule identification. For this purpose, approaches
such as “N-Quoit filter” [29], template-matching [30],
object-based deformation [31] and the anatomy-based ge-
neric model [32] have been developed. In addition analysis
of curved surface morphology [33, 34] and subtraction of
bronchovascular structures from the chest CT images [35]
have been used for nodule detection.

Current literature data on CAD performance is based on
small numbers of nodules investigated with CAD proto-
type systems, and the broad variety of technological ap-

Table 6 ROC analysis of
relative CAD and reader
performances

Az, Wilcoxon estimate of area
under ROC curve; RST, recon-
structed slice thickness; FP,
false-positive. ROC results are
comparable only within the
same RST setting.

Observer RST
(mm)

n analyzed Az Cut-off
point

95% CI Sensitivity 95% CI FP/scan

CAD 4 59 0.597 69.0 0.506–0.688 0.600 0.465–0.724 4.474
Reader 1 4 59 0.958 0.004 0.916–1 0.917 0.816–0.972 0
Reader 2 4 59 0.942 0.004 0.894–0.989 0.883 0.774–0.952 0
CAD 2 129 0.585 70.2 0.473–0.697 0.603 0.514–0.687 1.053
Reader 1 2 129 0.702 1.004 0.604–0.799 0.489 0.400–0.577 0.105
Reader 2 2 129 0.700 1.004 0.602–0.798 0.512 0.423–0.600 0.158
CAD 0.75 135 0.802 61.0 0.711–0.894 0.739 0.656–0.811 0.789
Reader 1 0.75 135 0.637 1.004 0.516–0.757 0.530 0.442–0.617 0.263
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proaches impedes the comparison of the detection per-
formances based on the above-mentioned algorithms. Few
studies have been performed employing CAD in more
than 50 nodules. Zhao et al. evaluated a CAD tool based
on multiple thresholding in combination with feature
extraction and classification [8]. The authors investigated
266 simulated nodules 2–7 mm in size that were placed
onto eight normal chest CT scans and found a sensitivity
of 84.2% with five false-positive findings per scan.
Wormanns et al. used a CAD method based on region-
growing designed for automated detection of >5-mm-sized
nodules [34]. However, in this study, sensitivity of CAD
was only 38%. Armato et al. applied a multiple thresh-
olding-based CAD tool in 187 pulmonary nodules (3.1–
27.8 mm in size) and found a sensitivity of 70% with three
false-positive findings per section [36]. In another study
investigating 50 nodules, 38 of them representing missed
lung cancers, overall sensitivity was 80% with an average
of one false-positive finding per section [37]. Lung
cancers were even detected with 84% sensitivity, but still
a false-positive rate of 1.0 per section. However, it is
problematic to compare the performance of different pub-
lished CAD systems from literature data, because different
algorithms for automated detection and, most importantly,
no standardized nodule database were used. Moreover,
although early data on the performance of CAD systems
appear promising, a major issue, the influence of RST on
CAD performance with a view to replacement of clinical
readers, remains unaddressed, to the best of our knowledge.

We evaluated the prototype of a knowledge-based
interactive computer-aided detection system for automatic
detection of pulmonary nodules in MSCT image data. The
system was designed to detect three different kinds of solid
pulmonary nodules: solitary nodules, nodules attached to
the chest wall and nodules attached to vessels. By de-
termining the influence of the RST on CAD and in parallel
on reader performance, using all nodules identifiable on
0.75-mm slices as the standard of reference, we obtained a
robust overall comparison of system performance. The
best independent CAD absolute performance was achie-
ved using 0.75-mm sections, with sensitivity values and a
false-positive rate per scan well in the range of results
reported by other investigators. We could improve these
results significantly by combination of CAD with single
radiologists with excellent sensitivity and false-positive
values, which in the light of our radiologists’ very good
interobserver agreement and their high confidence levels
would suggest a role of CAD in combination with one
reader for clinical assessment of pulmonary nodules. CAD
as an independent modality and for support of our readers
had a significantly superior performance with the use of
0.75-mm than with 2.0-mm thick sections, suggesting a
benefit by restricting its application to thin-collimation
chest MSCT. In addition, CAD outperformed our readers in
the detection of nodules of low to intermediate diameter-
related actionability equivalent using 0.75-mm RST. It had

comparable relative and absolute performances using 2.0-
mm and significantly poorer relative and absolute perfor-
mances than the radiologists using 4.0-mm RST. This
deficit using 4.0-mm-thick slices could not be substantially
abridged by consensus of one of our readers with CAD.
Consequently, we recommend avoiding the application of
CAD with image data of such high RST setting. In this
study, we considered it valuable to include the 4.0-mm
section thickness in order to demonstrate the effect of
increasing slice thickness to a single-slice non-high res-
olution CT standard (or “rationalized” MSCT archive
image quality standard) on reader and CAD performances.

As evidenced by the poor interobserver agreements
between CAD and the readers and the significant im-
provement of their absolute performances in consensus,
CAD detected different nodules (significantly higher
numbers of smaller nodules) than the readers, which is
in good agreement with another study documenting that a
radiologist-based model for establishing a reference stan-
dard of pulmonary nodules in CT data missed a substantial
number of pulmonary nodules when applied to thin-
section MSCT data [38]. The best relative reader per-
formance pertaining to RST-specific detectable nodules
was achieved using 4.0-mm sections, which deteriorated
significantly with decreasing slice thicknesses, the reason
being the larger number of small lesions missed on thin
sections and the moderate increase of false-positives,
whereas CAD’s relative performance against the readers
improved when 0.75-mm sections were used. Interest-
ingly, the CAD detection performance using thin RST
settings was independent from nodule size: when 0.75-
and 2.0-mm-thick slices were evaluated, there was no
significant difference in the size of nodules detected or
missed. However, when 4.0-mm-thick sections were eval-
uated by CAD, the detected nodules were significantly
larger than the missed nodules, presumably due to a nod-
ule recognition malfunction with increasing volume av-
eraging. Conversely, as expected, the detected nodules
were significantly larger than the undetected nodules with
0.75- and 2.0-mm-thick sections when evaluated by the
two readers, suggesting a substantial role of combined
reader and CAD application in pulmonary nodules below
4.0-mm diameter, also in nodules between 4.0- and 9.9-
mm diameter.

Our study included patients with pulmonary metastasis,
undergoing clinical staging and follow-up CT examina-
tions of the chest. All scans were performed with “regular”
radiation doses as indicated above, and no low-dose CT
scans were performed. For this reason, it remains to be
determined how well our study results can be translated
into a lung cancer screening setting using unenhanced
low-dose thin-slice MSCT. The study design was not
tailored to investigate the influence of pulmonary abnor-
mality or artifacts on CAD performance, which should be
subject to further studies. In our collective, the vast ma-
jority of nodules was solid, and more work is required to
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evaluate CAD in partially solid lesions for definition of its
potential role in lung cancer screening collectives. It
should be noted that our results pertain to experienced
readers. The effect of reader experience on combined
performance with CAD has been investigated previously
[39].

In conclusion, we found an excellent performance of
CAD in 0.75-mm-thick reconstructed sections, where it
significantly outperformed experienced readers, in the de-
tection of nodules of small and intermediate diameters up
to 9.9 mm. We observed considerable rates of false-pos-
itive findings compared to human readers. This and the
inability of a CAD system to assess etiology or clinical
significance prohibit the stand-alone use of this technology
as a reader of clinical data sets, which is in keeping with
results of other ongoing studies [40, 41]. However, we

recommend CAD as a replacement of a second radiologist
for detection of some 300% of additional pulmonary
nodules below 4-mm diameter and of some 90% ad-
ditional nodules below 10 mm using 0.75-mm slices. The
use of CAD with 4.0-mm RST image data should be
avoided. If our results can be maintained with the use of
low-dose MSCT in lung cancer screening trials, the use of
CAD could double the detection rate of early stage can-
cers. In addition, it could aid in the quantitative assessment
of treatment response of pulmonary metastatic disease.
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