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Abstract This study aimed to determine if phantom-based
methodologies for optimization of hepatic lesion detection
with computed tomography (CT) require randomization of
lesion placement and inclusion of normal images. A phan-
tom containing fixed opacities of varying size (diameters,
2.4, 4.8, and 9.5 mm) was scanned at various exposure and
slice thickness settings. Two image sets were compared: All
images in the first image set contained opacities with known
location; the second image set contained images with opac-
ities in random locations. Following Institutional Review
Board approval, nine experienced observers scored opacity
visualization using a 4-point confidence scale. Comparisons
between image sets were performed using Spearman, Kappa,
and Wilcoxon techniques. Observer scores demonstrated
strong correlation between both approaches when all opacity
sizes were combined (r=0.92, p<0.0001), for the 9.5 mm

opacity (r=0.96, p<0.0001) and for the 2.4 mm opacity
(r=0.64, p<0.05). There was no significant correlation for the
4.8 mm opacity. A significantly higher sensitivity score for the
known compared with the unknown location was found for the
9.5 mm opacity and 4.8 mm opacity for a single slice thickness
and exposure condition (p<0.05). Phantom-based optimization
of CT hepatic examinations requires randomized lesion
location when investigating challenging conditions; however, a
standard phantom with fixed lesion location is suitable for the
optimization of routine liver protocols. The development
of more sophisticated phantoms or methods than those
currently available is indicated for the optimization of
CT protocols for diagnostic tasks involving the detection of
subtle change.
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Introduction

Substantial increases in computed tomography (CT) usage
and population dose have been reported in the USA, UK,
Europe, and Australia over the past two decades [1–5]
resulting in governments, radiation regulatory bodies, and
radiology associations and professionals highlighting the need
for optimized CT protocols [6–8]. Establishing such protocols
often involves the use of phantoms due to the difficulty of
employing patients when comparing different technical or
procedural factors involving ionizing radiation [9–11].

Phantoms generally consist of a cylinder of homoge-
neous material within which spheres or rods of different
sizes and CT densities, aimed at simulating lesions, are
positioned. The simulated lesions usually have fixed loca-
tion and are “framed” by surrounding structures, which are
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often more conspicuous than the lesion/s of interest. This is
a potential limitation of a dose optimization process
performed using a phantom because a priori knowledge of
the presence or location of a lesion improves observer
performance [12]. The optimized dose for a particular
diagnostic task determined using a phantom with framed
lesions might therefore be lower than the dose required for
clinical examinations. Phantom methods, however, have the
advantages of widespread availability and simplicity of use,
but to the authors’ knowledge, the effect of the use of a
phantom with framed lesions on dose optimization has not
been established. The purpose of this phantom-based study is
to determine if phantom-based methodologies for optimiza-
tion of hepatic lesion detection with CT require randomization
of lesion placement.

Materials and Methods

Approval to conduct the study was granted from the study
center’s institutional review board for low and negligible
risk research (protocol LR 09/93). Informed consent of the
clinical personnel who participated as observers was
obtained.

Two image sets were required for the purposes of this
study: one set containing images with framed lesions typical
of image sets produced with commercially available CT
phantoms and a second set including images with lesions
in random locations to represent the clinical situation.

A CT liver lesion phantom (Model 061, CIRS, Norfolk)
was scanned at various combinations of exposure level and
slice thickness using a 64-slice CT unit (Brilliance 64, Philips
Medical Systems, Cleveland) (Table 1). The phantom
consisted of a soft-tissue-equivalent disk containing spherical
opacities of different sizes and densities, the focus here being
the opacities of 9.5, 4.8, and 2.4 mm each with a density of
10 HU lower than the background. A diameter of 10 mm has
been used as a size threshold for the investigation of liver
lesions in a number of studies [13, 14], and the 9.5 mm sphere
was close to this size. The routine use of thinner collimation
with multidetector CT has resulted in more frequent detection
of very small lesions [15], and the detection and characteriza-
tion of small lesions can be important for patients with history
of malignancy [14], hence the inclusion of the two smaller
opacity sizes in this study.

Image Set One

The first image set randomly combined images that passed
through the center of the opacities (Fig. 1a), thus
representing the framed lesion condition. Five images for
each of the 12 combinations listed in Table 1 (60 images in
total) were presented.

Image Set Two

A second set of images representing random lesion location
was created by loading the central images (containing opacities)
and distal images (no opacities) for each of the original scan
series into an image-editing program (Adobe Photoshop CS4
Extended, Adobe Systems Incorporated, USA). Regions of
interest (ROIs) were placed in the central image around the
opacities under investigation and copied. The copied regions of
interest were randomly pasted onto the distal image (originally
without opacities) from the same image set, the diameter of the
cut area being approximately twice that of the extracted opacity
and the outer three pixels of the extracted region were blended
into the background image (Fig. 1). The ROIs were positioned
such that the center of a pasted opacity was located at a distance
from the center of the phantom equal to that of its position in the
image from which it was removed.

Comparison of the minimum, maximum, average, and
standard deviation of the pixel values in identical regions of
interest positioned over the opacities in the edited image and
in the original central image were performed, demonstrating
that the editing process had not altered the appearance of the
opacities or surrounding background.

The number of copied opacities embedded within a single
image (minimum of one and maximum of five) was also
generated via a ballot system. In total, each of the three opacity
sizes (9.5, 4.8, and 2.4 mm) was presented five times for each
exposure/slice thickness combination (Table 1). Sixty images
(five images for each of the 12 combinations listed in Table 1)
containing randomly located opacities were created and ran-
domly combined.

Analysis

Nine observers (three consultant radiologists and six specialist
CT radiographers) having between 7.5 and 20 years experi-
ence in viewing abdominal CT images reviewed both image
sets in a single session after participating in a short training
session. For each image in the framed opacity image set, the
observers scored the visualization of the three opacity sizes
under investigation using a 4-point scale, where 1=opacity
not visible, 2=opacity possibly visible, 3=opacity probably
visible, and 4=opacity definitely visible. For the second im-
age set, the observers circumscribed any perceived opacities
and rated their level of confidence in marking each identified
opacity using the 4-point scale, described above. Images were
viewed on a dedicated image review station (DS3000, Agfa),
which was calibrated for each reading session to DICOM Part
4 Curve standard. Ambient lighting conditions in the viewing
room were maintained throughout the study at 25–40 lx [16].

Analysis of the two image sets was performed for all
opacities combined and for each opacity size individually
using three methods. Firstly, differences in observer scores
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between the framed and randomly located opacities were
established using the Wilcoxon matched-pairs signed rank
test. Secondly, correlation of observer scores between the
two image sets was performed using Spearman’s rank cor-
relation coefficient (r). Thirdly, interobserver agreements for
each image set were calculated using Randolph’s free-
marginal kappa (K). Finally, differences in sensitivity
between the framed and randomly located opacities were
determined using the Wilcoxon matched-pairs signed rank

test. A true positive was declared if the distance from the
center of an ROI to the center of a nearby true lesion was
<10 mm for the 9.5 mm opacity, or <5 mm for the two
smaller opacities. These values represent the maximum dis-
tances at which overlap of a marked ROI, and the true lesion
would be likely to occur considering the average diameter of
the marked ROIs for the true positive findings for each
lesion size, which indicated that the observers were able to
accurately circumscribe the 9.5 and 4.8 mm opacities but

Table 1 Median and mean observer scores for the three opacity sizes at each exposure/slice thickness setting: p value is presented when a
significant difference between the two methods exists

Lesion size (mm) Slice thickness (mm) Exposure (mAs) Median (mean) observer scores p value

Framed lesion location Random lesion location

9.5 5 125 4.00 (3.73) 4.00 (3.93)

100 3.80 (3.67) 3.60 (3.69)

75 3.60 (3.60) 3.80 (3.71)

50 3.60 (3.47) 3.40 (3.52)

3 125 3.80 (3.73) 4.00 (3.82)

100 3.75 (3.71) 3.80 (3.78)

75 3.60 (3.53) 3.40 (3.18)

50 3.60 (3.49) 4.00 (3.58)

1 125 3.60 (3.40) 3.40 (3.40)

100 3.00 (3.09) 3.20 (3.11)

75 3.00 (3.00) 1.80 (1.38) <0.05

50 2.80 (2.77) 2.60 (2.58)

4.8 5 125 1.40 (1.38) 1.60 (1.53)

100 1.20 (1.27) 1.00 (1.00)

75 1.20 (1.29) 1.00 (1.09)

50 1.10 (1.13) 1.00 (1.11)

3 125 1.40 (1.38) 1.40 (1.40)

100 1.40 (1.29) 1.00 (1.02)

75 1.40 (1.31) 1.00 (1.07)

50 1.20 (1.36) 1.00 (1.44)

1 125 1.20 (1.22) 1.20 (1.16)

100 1.00 (1.13) 1.00 (1.02)

75 1.00 (1.18) 1.00 (1.09)

50 1.00 (1.18) 1.00 (1.04)

2.4 5 125 1.00 (1.04) 1.00 (1.02)

100 1.00 (1.07) 1.00 (1.04)

75 1.00 (1.04) 1.00 (1.00)

50 1.00 (1.02) 1.00 (1.00)

3 125 1.00 (1.00) 1.00 (1.00)

100 1.00 (1.00) 1.00 (1.00)

75 1.00 (1.00) 1.00 (1.02)

50 1.00 (1.00) 1.00 (1.00)

1 125 1.00 (1.00) 1.00 (1.00)

100 1.00 (1.00) 1.00 (1.00)

75 1.00 (1.04) 1.00 (1.04)

50 1.00 (1.00) 1.00 (1.00)
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they typically overestimated the diameter of the 2.4 mm
opacities. For observer agreement and sensitivity, bino-
mial data were used, i.e., lesion was visible (observer
scores of 2, 3, or 4) or not visible (observer score of 1).
For all analyses, findings with p<0.05 were considered
statistically significant.

Results

Observer Scores

The median and mean observer scores for both random and
framed lesions for each slice thickness and exposure combi-
nation are listed in Table 1. A difference in median observer
score was noted for the 9.5 mm opacity with the 1-mm slice
thickness/75mAs exposure combination (p<0.05). No other
significant differences were observed.

Correlation

There was strong correlation between the observer scores
for random and framed lesion location for all opacities
(r=0.92, p<0.0001), for the 9.5 mm opacity (r=0.96,
p<0.0001), and a weaker but still significant correlation
for the 2.4 mm opacity (r=0.64, p<0.05) (Table 2). No
significant correlation was shown for the 4.8 mm opacity.

Observer Agreement

Observer agreement between the observer scores for each
lesion size was good, whether lesions were presented in
framed or random location (K range, 0.74–0.96), with the
exception of the 4.8-mm opacity size for the framed location
condition (K=0.35) (Table 3).

Sensitivity

A difference in sensitivity between the framed and randomly
located lesions was noted for the 9.5-mm lesion at the
75 mAs/1 mm slice thickness setting (p<0.05) and the
4.8-mm lesion at the 75 mAs/3 mm slice thickness setting
(p<0.05) (Table 4). No other significant differences were noted.

Discussion

The invariance of most proprietary quality assurance phan-
toms does not replicate the normal clinical setting in which
the presence, location, and extent of disease are often un-
known prior to the examination. To overcome this potential
limitation, computer simulation programs randomizing dis-
ease locations have been described: Hoe and colleagues [10]
electronically subtracted real lesions from pediatric CT ex-
aminations of the liver and used them to create simulated
lesions to assist dose optimization of pediatric body CT
examinations by providing a larger database, while Hanai
and others [17] introduced virtual nodules into the CT

Fig. 1 Central (a) and distal (b) images of the liver lesion phantom at
100 mAs and 5-mm slice thickness. Images with random opacity
location were created by placing a region of interest over the opacity
in the central image (c) and pasting the opacity onto the distal image
(d). The opacity circled in c and d is the 9.5-mm opacity investigated in
this study

Table 2 Correlation of observer scores for random and framed lesion
locations: significant results are indicated by an asterisk

Lesion size Spearman’s rank
correlation coefficient (r)

p value

All lesions 0.89 <0.001*

9.5 mm lesion 0.94 <0.0001*

4.8 mm lesion 0.51 0.09

2.4 mm lesion 0.64 <0.05*

Table 3 Interobserver agreement between mean observer scores for
framed and random location methods

Lesion size Randolph’s free marginal kappa (K)

Framed opacity location Random opacity location

All lesions 0.74 0.84

9.5 mm lesion 0.94 0.77

4.8 mm lesion 0.35 0.78

2.4 mm lesion 0.94 0.96
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projection data from scans of a proprietary CT lung nodule
phantom prior to image reconstruction to provide a more
realistic representation of lung malignancies. Although each
method was validated as producing simulated lesions indis-
tinguishable from actual lesions, the techniques required
customized computer software, image manipulation, and
reconstruction of the scan data, indicating that they would
be impractical for routine clinical use. Moreover, to our
knowledge, the requirement for randomization of disease

presence and/or location for CT dose optimization purposes
has not been established.

In the clinical setting, the diagnostic task of lesion detec-
tion usually involves visual search [18, 19] and a predom-
inance of normal cases [13, 20], elements that are absent in a
typical CT optimization methodology involving a phantom
with fixed location of lesions. It has been shown that if an
observer receives visual cues for the location or presence of
an abnormality, sensitivity is increased [21, 22]. In our

Table 4 Median and mean sensitivity for the three opacity sizes for framed and random location conditions at each exposure/slice thickness setting:
p value is presented when a significant difference between the two methods exists

Lesion size (mm) Slice thickness (mm) Exposure (mAs) Median (mean) sensitivity p value

Framed opacity location Random opacity location

9.5 5 125 1.00 (1.00) 1.00 (1.00)

100 1.00 (1.00) 1.00 (1.00)

75 1.00 (1.00) 1.00 (0.96)

50 1.00 (1.00) 1.00 (0.96)

3 125 1.00 (1.00) 1.00 (1.00)

100 1.00 (1.00) 1.00 (1.00)

75 1.00 (1.00) 1.00 (0.91)

50 1.00 (1.00) 1.00 (0.98)

1 125 1.00 (0.98) 1.00 (0.96)

100 1.00 (0.96) 1.00 (0.87)

75 1.00 (0.96) 0.60 (0.58) <0.05

50 1.00 (0.91) 0.80 (0.76)

4.8 5 125 0.20 (0.27) 0.40 (0.33)

100 0.20 (0.27) 0.00 (0.00)

75 0.20 (0.24) 0.00 (0.07)

50 0.00 (0.13) 0.00 (0.04)

3 125 0.20 (0.31) 0.20 (0.20)

100 0.20 (0.20) 0.00 (0.02)

75 0.40 (0.29) 0.00 (0.07) <0.05

50 0.20 (0.24) 0.00 (0.09)

1 125 0.20 (0.18) 0.20 (0.13)

100 0.00 (0.13) 0.00 (0.02)

75 0.00 (0.16) 0.00 (0.04)

50 0.00 (0.16) 0.00 (0.04)

2.4 5 125 0.00 (0.04) 0.00 (0.00)

100 0.00 (0.04) 0.00 (0.00)

75 0.00 (0.04) 0.00 (0.00)

50 0.00 (0.02) 0.00 (0.00)

3 125 0.00 (0.00) 0.00 (0.00)

100 0.00 (0.00) 0.00 (0.00)

75 0.00 (0.00) 0.00 (0.02)

50 0.00 (0.00) 0.00 (0.00)

1 125 0.00 (0.00) 0.00 (0.00)

100 0.00 (0.00) 0.00 (0.00)

75 0.00 (0.02) 0.00 (0.04)

50 0.00 (0.00) 0.00 (0.00)
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study, observer knowledge of lesion location did not alter
observer performance when conditions were unambiguous,
that is when lesions were either very obvious (9.5 mm) or
nonvisible (2.4 mm) to the observers. When conditions were
more challenging with the 4.8-mm opacity, there was dis-
agreement between the random- and framed-location results
in terms of correlation of scores and interobserver variation.
Three decades ago, Kundel et al. [23] demonstrated that
inadequate visual search was responsible for approximately
30 % of missed lung nodules on chest X-rays; consequently,
it is not surprising that the opacities in the current study
were more readily detected with the known lesion presenta-
tion. A high level of observer uncertainty may account for
the poor interobserver agreement for the 4.8-mm lesion
under framed conditions: While the large opacity was clear-
ly noticeable and the small opacity definitely invisible at
most settings, the conspicuousness of the intermediate le-
sion was more ambiguous and some observers may have
overestimated their confidence in perceiving this lesion
because its location could be accurately determined by
adjacent opacities that were plainly visible due to their larger
size and/or greater density difference to the background.

Hepatic lesions smaller than 10 mm in diameter are likely
to be benign, particularly in patients with no history of
malignancy [13, 14, 20]. Our results suggest that the use
of a phantom with fixed lesion location may therefore be
adequate for optimization of routine liver protocols when
the detection of small lesions is not required. However, for
individuals with a cancer history, detection and characteri-
zation of lesions with a smaller diameter may impact upon
their management, and therefore, an optimization process
using fixed lesion location may result in exposures that are
too low for establishing the most appropriate patient care
pathway.

The method of randomizing the opacities presented here
is readily reproducible as it utilizes commercially available
software; however, the process of cutting and pasting
opacities was time consuming, and expert DICOM and
PACS advice is required to manage changes to image
header information caused by the editing process. To
streamline scan protocol optimization for challenging
conditions, development of more cost-effective and
user-friendly methods is required.

Some degree of caution should be exercised when
interpreting our results. Firstly, the opacities and phantom
background were homogeneous in their density and perfect-
ly spherical in shape, and only the central image of each
scan series was presented, which does not accurately reflect
the clinical situation. The purpose of our study, however,
was to compare unknown versus known lesion location
rather than the absolute accuracy of the optimization pro-
cess. Secondly, we only considered lesions with density
10 HU lower than that of the background; nevertheless,

while lesions with greater difference in density or with
higher density to background may have presented different
results, a 10-HU density difference represents the minimum
lesion-to-liver contrast necessary for detection [24, 25].
Finally, the study was performed on one scanner, and care
must be exercised in extrapolating these results to other
scanner models.

Conclusions

Optimizing CT hepatic examinations using phantoms requires
randomized lesion location when investigating challenging
conditions such as small lesion detection; however, a standard
phantom with fixed lesion location is suitable for the
optimization of routine liver protocols.
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